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Recent foodborne illness outbreaks in US associated with consumption of low-moisture
foods (LMF) have heightened concerns of their microbial safety. Salmonella is a
pathogen of major concern in LMF due to its ability to persist in low water activity (aw)
environments. The disadvantages of existing decontamination technologies for LMF call
for novel and efficient intervention technologies. Radio frequency (RF) and ethylene
oxide (EtO) were evaluated in this dissertation for improving microbial food safety and
quality of LMF. Cumin seeds and inshell hazelnuts were selected as model foods.
It took < 2 min of stationary RF heating to achieve > 5 log reductions of Salmonella in
cumin seeds without significant quality deterioration in terms of total phenolics,
antioxidant activity, volatile compounds, and color. The continuous RF pasteurization of
cumin seeds was also demonstrated to simulate the industrial application. Even though,
more quality loss was observed for continuous RF pasteurization than stationary RF
heating possibly due to the longer processing time, the cumin quality is still acceptable.
RF heating is a promising intervention technology for the industrial pasteurization of
spices. RF preferentially heated hazelnut kernels than the shell. Therefore, RF was
combined with hot air to dry inshell hazelnuts effectively with minimal nut quality (lipid
oxidation and cracking ratio) deterioration. The thermal inactivation kinetics (D and z

values) of Salmonella and Enterococcus faecium NRRL B-2354 were determined in
hazelnut shell and kernel. The outside surface of hazelnut shell was very dry (aw=0.17),
which creates a challenge for RF pasteurization of inshell hazelnuts. Spraying water on
the inshell hazelnuts before RF treatment increased inactivation of Salmonella. The EtO
inactivation of Salmonella and E. faecium in cumin seeds increased with the increasing
relative humidity (RH) and temperature. RH is a critical factor for the successful EtO
sterilization. Enterococcus faecium was demonstrated to be a suitable Salmonella
surrogate in cumin seeds for RF and EtO treatments and in hazelnut shell and kernel for
thermal treatment. The evaluated intervention technologies and generated results in this
dissertation could provide valuable information and additional options for the food
industry to improve microbial food safety and quality of LMF.
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CHAPTER Ⅰ
INTRODUCTION
1.1 Microbial food safety of low moisture foods
Low moisture (low water activity) foods (aw < 0.70) are traditionally thought to be
microbiologically safe foods (Gurtler et al., 2014). However, recent foodborne illness
outbreaks all over the US associated with consumption of low-moisture foods (LMF),
such as nuts (CDC, 2009a, 2011ab, 2016a), spices (CDC, 2010), spreads (CDC, 2009b,
2016b, 2017), ingredients (CDC, 2013, 2014, 2016c) and wheat flour (CDC, 2016d,
2019) have heightened concerns of their microbial safety. Although foodborne pathogens
do not grow in these low water activity foods, they can still survive for long periods of
time. Once the conditions become favorable, the pathogens in LMF will cause issues and
threaten consumers’ health and life. The foodborne pathogen outbreaks in LMF could
have negative impact on the economy of food industry due to lawsuits and recalled
products (CDC, 2011ab, 2016a). Salmonella is a pathogen of greatest concern in LMF
due to its ability to survive in low water activity (aw) environments (Farakos and Frank,
2014). Most of the documented outbreaks in LMF are related to Salmonella (Salazar,
2015, Jeong et al., 2019). Therefore, it is critical and urgent to develop and validate
efficient intervention technologies for controlling Salmonella and enhancing microbial
food safety and quality of LMF.

1.2 Cumin seeds and hazelnuts
Salmonellosis outbreaks have been associated with a variety of spice products (Finn et
al., 2013). Cumin seed (Cuminum cyminum L.) is one of the most valuable and widely
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consumed spices because of its distinctive flavor, aroma, and medicinal and therapeutic
properties (Mathew, 2005). Cumin seeds can be contaminated with toxigenic molds and
bacteria such as Escherichia coli, Salmonella, Clostridium perfringens, and Bacillus
cereus, potentially posing a public health risk (Banerjee and Sarkar, 2003). Several
serotypes of Salmonella, including Montevideo, Newport, and Senftenberg outbreaks
associated with pistachio resulted in infection of 11 people from nine states in U.S. and
two hospitalizations (CDC, 2016a). In addition, outbreaks of foodborne salmonellosis
have caused recalls of pistachio products in 2009 and 2013 (Jeong et al., 2019). A total of
43 individuals from 5 U.S. states were infected with the outbreak strain of Salmonella
Enteritidis linked to Turkish pine nuts was reported in 2011 (CDC, 2011b). Salmonella
Enteritidis PT 30 outbreaks associated with raw almonds occurred in U.S. and Canada in
2000-2001 and 2004 (Li et al., 2017).
The U.S. is a major producer of hazelnuts (Corylus avellana L.). An average of
37,277,000 kg of hazelnuts (Corylus avellana L.) was produced in the United States
annually during 2016 to 2018. About 46*% of U.S. hazelnuts (17,147,000 kg) were
exported (Jefferis, 2019). Hazelnuts are rich in fat and protein along with high content of
vitamin E and phenolic compounds (Köksal et al., 2006). Thus, cumin seeds and inshell
hazelnuts were selected as model foods in this dissertation.

1.3 Existing decontamination technologies for spices and nuts
Existing disinfection technologies for spices include fumigation with ethylene oxide
(Franco et al., 1986), gamma irradiation (Franco et al., 1986), and superheated steam
(Liang et al., 2018). High ethylene oxide residue and its derivatives in spices after
fumigation are toxic (Fowles et al., 2001). While gamma irradiation is highly efficient
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and is used for quarantine purposes, poor consumer acceptance restricts its wider
application. On the other hand, the high temperature of steam could cause significant
color loss and quality deterioration of spices, as reported by Waje et al. (2008).
Propylene oxide (PPO), methyl bromide fumigation, steam, infrared heating, high
hydrostatic pressure, ionizing irradiation and non-thermal plasma have been used for nuts
decontamination (Salazar, 2015). However, PPO fumigation is banned in the European
Union and several other countries (Almond Board of California, 2007a). The use of
methyl bromide contributes to the destruction of the ozone layer and is targeted for
elimination by the international community (Salazar, 2015). Steam treatment may
damage nut quality severely due to its high temperature and it is difficult to scale-up
Infrared heating for large scale commercial application (Li et al., 2017). In addition, the
alternative sanitation technologies have not achieved desired log reductions of
Salmonella without quality deterioration in nuts (Salazar, 2015).
Because of the disadvantages of existing decontamination technologies and their
limitations to scale-up, novel and efficient decontamination technologies need to be
developed and validated for improving microbial food safety and quality of spices and
nuts.

1.4 Radio frequency heating
Radio frequency (RF) heating involves utilizing electromagnetic energy at a frequency
range of 3 kHz to 300 MHz (Chen et al., 2016). The heat is volumetrically generated by
friction due to rotation of ions and dipolar molecules in food products in response to an
alternating electrical field. The movement of positive and negative ions is ionic
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conduction and rotation of dipolar molecules (such as water) is dipole rotation (Marra et
al., 2009). Ionic conduction and dipole rotation are dominant mechanisms of RF heating
(Marra et al., 2009). RF has a longer wavelength (11 m at 27.12 MHz in free space) and
higher penetration depth than those of microwaves. Therefore, RF heating has advantages
of more even electric field distribution and thus more uniform heating compared with
microwave heating. The higher penetration depths of RF waves, which make it suitable
for bulk samples treatment in the food industry. Because RF heating is volumetric, the
whole sample can be heated rapidly. In contrast, the heat is transferred from the external
surface to the internal center of the sample in conventional heating. This results in longer
come-up time to achieve target temperature at the sample center especially for lowmoisture foods due to low thermal conductivity. To pasteurize egg white powder (EWP),
traditionally EWP is heat treated by storing packaged product in a hot room at 58 to 60
°C for 10 to 14 d (Handa et al., 2001). However, it only took 8 hours for RF-assisted
processing to achieve pasteurization at 90 °C (Boreddy et al., 2016). The shorter come-up
time allows RF heating to be a high-temperature short-time processing technology, which
is more energy efficient and could retain more food quality after treatment. This is the
major advantage of RF heating. As RF waves vibrate bound water, it is a suitable
technology for low moisture foods, such as spices, nuts, wheat flour and milk powder,
which have more bound water than free water (Awuah et al., 2014). In addition, RF
system can be turned on/off instantly for better process control. Because most food
packages are plastic bags or cardboard boxes which are transparent to RF waves (Huang
et al., 2015), food products can be pasteurized after being packaged. RF heating has been
applied successfully to pasteurize various low-moisture foods, such as wheat flour (Liu et
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al., 2018, Xu et al., 2020), almonds (Li et al., 2017), pistachios (Jeong et al., 2019), red
and black pepper (Jeong and Kang, 2014, Wei et al., 2018, Wei et al., 2019), infant
formula milk (Lin et al., 2020), and soy protein powder (Jin et al., 2020).

1.5 Ethylene oxide
Ethylene oxide (EtO) is colorless, flammable gas with a sweet smell and it has been
historically used as a fumigant for medical devices and spices (Kaye and Phillips, 1949;
Toofanian and Stegeman, 1988). The main advantage of EtO is that its use on spice
generally has no significant impact on the appearance or flavor of the spice (ASTA,
2009). EtO is a direct alkylating agent and it can react with biologically important
cellular components (nucleic acids and functional proteins) and prevent cellular
metabolism and reproduction (Kaye and Phillips, 1949). However, most EtO studies were
conducted from 1940s to 1980s with simple equipment and few process controls and the
effects of concentration, relative humidity, temperature, and exposure time on the EtO
microbial inactivation were not clearly understood due to the simple EtO reaction
equipment and inaccurate process parameter control in earlier years. Also, there was no
adequate safety features of EtO reaction equipment to prevent operators from exposing
EtO and ensure their safety. There was a research gap after 1980s on EtO study possibly
due to the awareness of toxic and cancerogenic properties of EtO. Newkirk (2016)
reported the inactivation of Salmonella enterica and Enterococcus faecium on whole
black peppercorns and cumin seeds using steam and EtO fumigation. However, there was
a large variation for the microbial inactivation among different commercial EtO
processing units and the detailed processing parameters used for the fumigation process
were not provided. In addition, the American Spice Trade Association (ASTA) estimates
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that between 40-85% of spices imported into the U.S. are treated with EtO each year to
ensure the microbial food safety (Newkirk, 2016). Therefore, it is necessary to clearly
understand the effects of processing parameters (relative humidity, temperature,
concentration, and exposure time) on the EtO microbial inactivation in spices and provide
directions for the spice industry.

1.6 E. faecium as process surrogate
Any microbial intervention technology needs to be validated to be considered as a
preventive control in Food Safety Modernization Act (FSMA) regulations (FDA, 2018).
When validating, critical control parameters, process conditions and any food properties
need to be identified and monitored. Because of biosafety concerns and potential product
contamination, Salmonella cannot be used in food processing for in-plant validation
studies. Thus, a suitable non-pathogenic surrogate needs to be identified. Enterococcus
faecium NRRL B-2354 has been demonstrated as a suitable surrogate for thermal
inactivation of Salmonella in almonds (Almond Board of California, 2007b), extrusion of
oat flour (Verma et al., 2018), RF heating of wheat flour (Villa-Rojas et al., 2017, Liu et
al., 2018), black pepper (Wei et al., 2018) and EtO fumigation of cumin seeds and black
pepper (Newkirk, 2016). Thus, E. faecium was selected as a potential Salmonella
surrogate in cumin seeds and hazelnuts for RF and EtO treatments.

1.7 Objectives
This dissertation focused on microbial validations of RF heating and ethylene oxide as
intervention technologies and preventive controls for Salmonella in LMF. Cumin seeds
and inshell hazelnuts were selected as model foods due to the prevalence of Salmonella in
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those products and large consumption of those products. The goal of this study is to
improve microbial food safety and quality of LMF using RF and EtO.
The specific objectives of this dissertation were to:
1) validate RF microbial inactivation of Salmonella in cumin seeds under stationary
condition.
2) validate continuous RF pasteurization of cumin seeds to simulate the industrial
application.
3) investigate RF heating as an effective drying and pasteurization technology for
inshell hazelnuts
4) evaluate cumin seeds and hazelnut quality after RF treatment.
5) investigate the effects of relative humidity, temperature, and exposure time on the
inactivation of Salmonella and E. faecium using EtO.
6) evaluate E. faecium as a suitable Salmonella surrogate in cumin seeds and
hazelnut shell and kernel for RF and EtO treatment processes.

1.8 Dissertation organization
Chapter II demonstrates RF heating as an efficient and promising spice decontamination
method. E. faecium was evaluated as Salmonella surrogate in cumin seeds for RF heating.
Critical process parameters were identified for the successful RF pasteurization of cumin
seeds. The cumin seeds quality was evaluated before and after RF treatment.
Chapter Ⅲ investigates the continuous RF pasteurization of cumin seeds to simulate
industrial application. The cumin quality was also evaluated before and after continuous
RF treatment.
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Chapter Ⅳ evaluates RF heating characteristics for inshell hazelnuts and identifies an
efficient drying strategy comparing with convective hot air (HA) drying. The temperature
profiles of shell and kernel of inshell nuts treated by RF alone, RF followed by hot air
(RFHA), and hot air assisted RF (HARF) were investigated. The drying efficacies and
nut quality (lipid oxidation and cracking ratios) among HA, HA followed by RF
(HAFRF, RFHA, and HARF for hazelnut inshells were compared. A combination of RF
and HA heating was identified as an efficient drying strategy to obtain high drying
efficiency and retain nut quality.
Chapter V investigates RF as an efficient pasteurization technology for inshell hazelnuts.
Thermal inactivation kinetics of Salmonella and E. faecium in hazelnut shell and kernel
were determined. The suitability of E. faecium as a surrogate for Salmonella in hazelnut
kernel and shell was evaluated. Microbial challenge study of RF pasteurization of fresh
inshell hazelnuts was performed using Salmonella. The challenges were identified, and
recommendations were given to the hazelnut industry for improving safety and quality of
hazelnuts.
Chapter Ⅵ investigates the effects of processing parameters (relative humidity,
temperature, and exposure time) on the EtO microbial inactivation efficacy of Salmonella
and E. faecium in cumin seeds. E. faecium was also evaluated as a suitable Salmonella
surrogate in cumin seeds for EtO treatment. A response surface model was developed to
predict inactivation of both bacteria for different EtO treatment conditions.
Chapter Ⅶ provides the conclusion of this dissertation. The recommendations were also
included in this chapter.
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All six objectives of this dissertation were covered and addressed in Chapter Ⅱ-Ⅵ.
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CHAPTER Ⅱ
INACTIVATION OF SALMONELLA ENTERICA AND
ENTEROCOCCUS FAECIUM NRRL B-2354 IN CUMIN SEEDS BY
RADIOFREQUENCY HEATING
Long Chena, Xinyao Weib, Sibel Irmaka,c, Byron D. Chavesb, Jeyamkondan Subbiaha,b*
a

Department of Biological Systems Engineering, University of Nebraska-Lincoln,
Lincoln, NE 68583, USA

b

Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln,
NE 68588, USA
c

Industrial Agricultural Products Center, University of Nebraska-Lincoln, Lincoln, NE
68583, USA

2.1 Abstract
Radiofrequency (RF) heating was evaluated as a novel spice decontamination technology
of cumin seeds. A plastic pouch with 20 g inoculated cumin seeds was placed at the top
center of a tray (16.5 cm length × 13 cm width at the top tapering down to 14×10 cm at
the bottom with 4 cm height) containing 430 g of uninoculated cumin seeds in the same
tray. The top center of the tray containing cumin seeds was found to be the cold spot by
monitoring temperature profiles at six different locations using fiber optic sensors in a 6
kW 27.12 MHz RF system. Either Salmonella enterica cocktail or Enterococcus faecium
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was inoculated into cumin seeds for microbial challenge studies in RF heating. The
whole tray was subjected to various processing times until 5-log reduction of Salmonella
was achieved. After the same RF heating times, E. faecium consistently showed higher
survivals than those of Salmonella in all three batches of cumin samples, demonstrating
the suitability of E. faecium as a surrogate of Salmonella during RF heating. There were
no significant differences in cumin quality before and after RF treatment. Particle sizes
and bulk densities of all three batches samples were measured. Batch 1 had a much larger
particle size and lower bulk density than those of batch 2 and batch 3. These differences
in material properties influenced RF heating rate. Therefore, production lot (batch)
variation due to these different material properties requires stricter process control
parameters for RF microbial inactivation. Cold spot temperature and moisture content of
cumin seeds are two critical process control parameters for RF microbial inactivation, in
addition to electrode gap in a certain RF system. RF heating is suitable for
decontaminating cumin seeds with no significant changes in relative composition of all
volatile components.
Keywords: RF microbial inactivation, Salmonella, surrogate, quality, critical process
control parameters
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2.2 Introduction
Spices are defined by the American Spice Trade Association (ASTA) as “any dried plant
product used primarily for seasoning purposes” (ASTA 1990). Many spices are grown in
developing countries where hygiene and sanitation practices may be poor compared to
those in highly industrialized countries. In addition, spices are sun-dried in open
environments, which provides ample opportunities for microbial cross contamination by
microorganisms, including foodborne pathogens (Farakos and Frank, 2014). Growth,
harvest, and production conditions, along with physical and chemical characteristics of a
spice, influence its microbiological quality (Farakos and Frank, 2014). Salmonella is a
pathogen of greatest concern in spices due to its ability to persist in low water activity
(aw) environments (Farakos and Frank, 2014). Cumin seed (Cuminum cyminum L.) is one
of the most valuable and widely consumed spices because of its distinctive flavor, aroma,
and medicinal and therapeutic properties (Mathew, 2005). Cumin seeds can be
contaminated with toxigenic molds and bacteria such as Escherichia coli, Salmonella,
Clostridium perfringens, and Bacillus cereus, potentially posing a public health risk (AlJassir, 1992, Banerjee and Sarkar, 2003). Therefore, it is critical to develop an effective
decontamination method for cumin seeds.
Existing disinfection technologies for spices include fumigation with ethylene oxide
(Franco et al., 1986), gamma irradiation (Franco et al., 1986), and superheated steam
(Ban et al., 2018, Liang et al., 2018). Ethylene oxide residue and its derivatives (ethylene
chlorohydrin (ECH) and ethylene bromohydrin (EBH)) in spices after fumigation are
toxic and considered carcinogenic and mutagenic at an intake level of 0.31 (mg/kg/day)-1
(Fowles et al., 2001, Sospedra et al., 2010, Abdi et al., 2016). While gamma irradiation is
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highly efficient and is used for quarantine purposes, poor consumer acceptance restricts
its wider application. On the other hand, the high temperature of steam could cause
significant color loss and quality deterioration of spices, as reported by Schneider, (1993)
and Waje et al., (2008).
Radiofrequency (RF) heating is a novel thermal processing technology suitable for lowmoisture foods (Marra et al., 2009, Awuah et al., 2014, Chen et al., 2015, Chen et al.,
2017). RF has been applied to pasteurize wheat flour (Villa-Rojas et al., 2017, Liu et al.,
2018), in-shell almond (Li et al., 2017), red pepper powder (Hu et al., 2018, Choi et al.,
2018), and black and red pepper (Kim et al., 2012, Jeong and Kang, 2014). In RF studies
involving spices (Kim et al., 2012, Jeong and Kang, 2014), inoculated samples were
immediately treated without providing sufficient equilibration time for bacteria to adapt
to low-moisture environment. Bowman et al., (2015) reported enhanced survival of
Salmonella during processing if the sample was previously exposed to a low aw
environment. Therefore, it is critical to consider the methodology used for inoculation
and equilibration for evaluating efficacy of antimicrobial interventions. No systematic
studies have been reported for RF decontamination of Salmonella in cumin seeds.
Any microbial intervention technology needs to be validated to be considered as a
preventive control in Food Safety Modernization Act (FSMA) regulations (FDA, 2018).
When validating, critical control parameters, process conditions and any food properties
need to be identified and monitored. Because of biosafety concerns and potential product
contamination, Salmonella cannot be used in food processing for in-plant validation
studies. Thus, a suitable non-pathogenic surrogate needs to be identified. Enterococcus
faecium NRRL B-2354 has been demonstrated as a suitable surrogate for thermal
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inactivation of Salmonella in almonds (Almond Board of California, 2007), extrusion of
oat flour (Verma et al., 2018), RF heating of wheat flour (Villa-Rojas et al., 2017, Liu et
al., 2018), black pepper (Wei et al., 2018) and infrared pasteurization of almonds (Bingol
et al., 2011). However, it is necessary to evaluate the surrogate for its suitability for
specific food matrix and process conditions (FDA, 2015).
This study aimed to identify important process control parameters and develop protocols
to validate RF treatments of cumin seeds for eradication of Salmonella. Specific
objectives were to 1) evaluate and validate RF as a novel pasteurization technology for
cumin seeds; 2) determine the suitability of E. faecium as a surrogate for RF heating
process; 3) determine the effect of RF treatment on cumin seed quality; and 4) identify
relevant process control parameters for the successful application of RF pasteurization
technology.

2.3 Materials and Methods
2.3.1 Materials
Three batches of commercially steamed cumin seeds were obtained from McCormick &
Company, Inc. (Sparks, MD, USA) and stored at room temperature. To estimate
background aerobic plate counts, five 1-g samples from each batch of cumin seeds were
individually diluted in 9 mL of 0.1% buffered peptone water (BPW; Becton, Dickinson
(BD) and Company, Sparks, MD) and plated onto trypticase soy agar (TSA; BD and
Company, Sparks, MD) supplemented with 0.6% (w/v) yeast extract (YE; BD and
Company, Sparks, MD). Plates were incubated for 48±2 h at 37 ℃ (Liu et al., 2018).

23

Five different strains of Salmonella enterica subsp. enterica (Salmonella Agona 447967,
Salmonella Reading Moff 180418, Salmonella Tennessee K4643, Salmonella
Montevideo 488275, Salmonella Mbandaka 698538) were chosen because of their
implications in low moisture food outbreaks or for their high thermal resistance
properties (Wei et al., 2018). Enterococcus faecium NRRL B2354 was evaluated as a
non-pathogenic surrogate for Salmonella cocktail. Salmonella Agona 447967, Salmonella
Montevideo 488275 and Salmonella Mbandaka 698538 were obtained from the United
States FDA, Office of Regulatory Affairs (FDA, ORA) Regional Laboratory in Jefferson,
AR. The strains were associated with foodborne outbreaks caused by roasted oats cereal
(CDC, 1998), black and red pepper (CDC, 2010), and sprouts (Jackson et al., 2013),
respectively. Salmonella Reading Moff 180418 (FDA Culture Collection, Bedford Park,
IL) has been associated with cumin in the FDA Spice Risk Assessment (FDA, 2017),
while Salmonella Tennessee K4643 was associated with a peanut butter recall (CDC,
2007). Salmonella Tennessee K4643 was obtained from the University of Georgia,
Athens. Enterococcus faecium NRRL B2354 was obtained from the United States
Department of Agriculture, Agricultural Research Service (USDA, ARS; Peoria, IL). All
bacterial cultures were kept in a stock dispersion in 40% sterile glycerol stored at -80°C
until used. Working cultures of each microorganism were prepared by streaking for
isolation onto TSA plates supplemented with 0.6% (wt/vol) yeast extract (TSAYE) from
frozen culture. After incubation for 24±2h at 37 °C, plates were stored at 4 °C.
TSB, TSA, YE, and peptone were purchased from BD and Company, Sparks, MD;
Ammonium iron (Ш) citrate was purchased from Sigma-Aldrich, Co., MO, USA.
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Sodium thiosulfate was made by Fisher Chemical, NJ, USA. Esculin hydrate was bought
from ACROS, NJ, USA.
2.3.2 Moisture Content (MC) and Water Activity (aw)
The MC of cumin seeds was measured before and after RF treatment. A Halogen
Moisture Analyzer HR73 (Mettler Toledo Laboratory and Weighing Technologies,
Greifensee, Switzerland) was used to measure MC. Water activity (aw) of samples was
determined using a dew point water activity meter (Aqualab Series 4TE, Decagon
Devices Inc., Pullman, WA, USA) at 25°C before and after treatment. Before RF
treatment, a sample within ± 0.02 of the target aw was subjected to RF treatment.
The suggested maximum storage moisture level of cumin seeds is 9.0% (w.b) (Tainter
and Grenis, 2001). RF is a heating process and moisture loss is expected during the
treatment, which may be undesirable for the industry. Therefore, the initial moisture
content of samples was increased such that the final moisture content after RF treatment
was just under 9.0% (w.b).
2.3.3 RF Inactivation Study
2.3.3.1 Inoculum preparation and inoculation methods
A 10 µL loop was used to aseptically harvest one isolated colony from working stock
plates stored at 4°C for each bacterial strain. The isolated colony was transferred to 10
mL of trypticase soy broth (TSB; BD and Company, Sparks, MD) supplemented with
0.6% (w/v) yeast extract (YE; BD and Company, Sparks, MD) and mixed thoroughly,
then incubated for 24±2 h at 37 °C. After incubation, 100 μL of the overnight broth
culture was aliquoted onto a labeled tryptic soy agar plate (TSA; BD and Company,
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Sparks, MD) supplemented with 0.6% (w/v) yeast extract (TSAYE) and spread using an
L-shaped spreader. Plates were incubated in an inverted position at 37°C for 24±2 h to
get lawns at the agar surface. Finally, the lawns were harvested by pipetting 3 mL of
0.1% BPW to the plate and gently agitating cells into solution with a sterile L-shaped
spreader. The cell suspension was collected and transferred to a sterile tube. This process
was repeated for the remaining plates of each strain. To prepare the Salmonella enterica
cocktail, equal volume inoculum of each serovar was aseptically aliquoted into a separate
sterile conical tube and vortexed for 30 s to ensure uniform cells distribution. The initial
bacterial population of Salmonella enterica cocktail was 1010-1011 CFU/mL and E.
faecium was ca. 109 -1010 CFU/mL.
Five-hundred grams of cumin seeds sample were aseptically transferred to a sterile
Whirl-Pak bag for inoculation. Then, either 5 mL of Salmonella enterica cocktail or E.
faecium was sprayed onto cumin seeds surface and the sample was hand-massaged and
mixed for 10 min to ensure the even bacterial distribution on the product surface. The
inoculated sample plus 1,500 g uninoculated sample were transferred to an equilibration
chamber to reach the target water activity. The equilibration chamber has a customdesigned humidity control system which can control relative humidity within ± 0.3% of
the target water activity (Wei et al., 2018).
2.3.3.2 Stability and homogeneity tests
After inoculation, bacteria need to adapt to the low aw environment of the food matrix.
Therefore, it is necessary to know how bacterial population changes with time before
reaching a stable state (stability) and to evaluate the uniform distribution of inoculum
throughout the samples (homogeneity). To evaluate the homogeneity of inoculated
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samples, three 3-g samples were randomly collected from the inoculated sample in the
equilibration chamber and placed into Whirl-Pak bags with 27 mL of 0.1% BPW,
stomached for 1 min, and then serially diluted in 9 mL of 0.1% BPW to achieve a tenfold
dilution. Three serial decimal dilutions of either Salmonella or E. faecium inoculated
samples were plated in duplicate onto TSAYE supplemented with 0.05% (w/v)
ammonium iron citrate (Sigma-Aldrich Co., MO, USA), and 0.03% (w/v) sodium
thiosulfate (Fisher Chemical, NJ, USA) (mTSA) for Salmonella and TSAYE
supplemented with 0.05% (w/v) ammonium iron citrate, and 0.025% (w/v) esculin
hydrate (ACROS, NJ, USA) (eTSA) for E. faecium and incubated for 24±2 h at 37 °C.
When counting plates, colonies with a black center on mTSA were deemed to be
Salmonella, while black colonies on eTSA were counted as E. faecium. Homogeneity
was reported as the standard deviation of the mean log population. Stability test was
conducted by microbial enumeration of the inoculated sample every day for 7 days.
During the week of stability test, water activity was also measured every day in triplicate.
2.3.3.3 Microbial validation of RF treatment
A 6 kW, 27.12 MHz pilot-scale parallel-plate free running oscillating RF system (Model
SO-6B, Monga Strayfield Pvt. Ltd., Pune, India) was used for the microbial inactivation
study. The electrode gap can be changed by moving the top electrode, which can in turn
regulate the output power to the specific food product in the free running oscillating RF
system. The electrode gap was selected at 10.5 cm to achieve the highest heating rate
while minimizing deterioration of food quality. Twenty grams of inoculated sample in a
small polyethylene pouch (L×W×H：8 cm × 6 cm × 1 cm) was placed at the predetermined cold spot location identified from temperature profiles of six different points
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(P1 through P6) (Figure 1) using fiber optic sensors (Neoptix, Inc., Quebec City, Quebec,
Canada) that have an accuracy of 0.6°C. The inoculated pack method used by Liu et al.,
(2018) and Wei et al., (2018) was followed in this study. Because the loss factor of
polyethylene is close to 0 at a value of 0.0023 (Chen et al., 2016, Huang et al., 2015a),
the introduction of packaging material should not affect the heating patterns and
temperature. A total of 450 g sample (20 g inoculated plus 430 g uninoculated sample)
was packed in a rectangular tray (ConAgra Brands, Inc., Omaha, NE, USA) and placed at
the center of the bottom electrode in the RF cavity. The tray was sealed by a plastic wrap
(Press’n Seal, The Glad Products Company, Oakland, CA, USA) to reduce moisture and
heat loss and improve heating efficacy and uniformity. A venting nut was fixed at the
center of the film to release water steam vapor generated by RF heating. After RF
heating, the film was removed, and the surface temperature distribution was mapped by
an infrared camera (Thermal CAMTM SC-640, FLIR Systems, Inc., North Billerica,
MA) that has an accuracy of 2 °C.
After taking the thermal image, the inoculated pack was sealed in a sampling bag and
soaked into an ice-water bath to chill the sample and prevent further thermal inactivation
during natural cooling period. This gave a conservative estimate of microbial log
reduction. In reality, the product may not be cooled off rapidly, which may result in
higher logarithmic reduction and could provide an additional food safety factor for
vegetative cells such as Salmonella. To enumerate surviving cells after RF treatment, the
inoculated sample in the small bag (20 g) was transferred to a sterile Whirl-Pak and
tenfold-diluted by adding 180 mL of 0.1% BPW and then homogenized for 1 min in a
stomacher (Neutec Group Inc, NY, USA). Blended samples were decimally diluted in 9

28

mL of 0.1% BPW and all samples were plated in duplicate onto mTSA for Salmonella
and eTSA for E. faecium and incubated for 24±2 h at 37°C. Three biological replicates
(batches of cumin seeds from different production lots inoculated with independent
frozen stock) and two technical replicates (RF treatments for each biological replicate)
were done for experiments. Two random 3-g untreated inoculated samples were
enumerated as control and used to calculate log reductions for RF treatment.
2.3.4 Quality Analysis
2.3.4.1 Particle size and bulk density analysis
Before RF treatment, particle size of each batch of cumin seeds was analyzed. The top
sieve (U.S. Sieve No. 4) has the largest sieve size (4.76 mm) and the bottom sieve (U.S.
Sieve No. 270) has the smallest sieve size (0.053 mm). Fifty grams of each batch of
cumin seeds sample was placed on the top sieve and sieves were shaken by RO-AP Sieve
Shaker (Rx-29, W.S. Tyler, OH, US) for 5 min per run with 3 replicates for each batch.
After shaking, cumin seeds retained at each sieve were used to calculate average
geometric particle size according to the corresponding sieve sizes. Bulk density was
analyzed for each batch using a 250 mL graduated cylinder filled with various masses of
cumin seeds for three replicates (Boreddy and Subbiah, 2015).
2.3.4.2 Quality analysis after RF treatment
After RF treatment with condition that achieved more than 5-log reduction of Salmonella,
the inoculated pack was immediately removed and cooled for microbial enumeration to
get conservative estimate as described above. In contrast, the remaining uninoculated
samples were cooled down at room temperature to represent worst case scenario for
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quality loss. The uninoculated samples were mixed and ground using a Waring
Commercial Spice Grinder (WSG60, Conair Corporation, CT, USA) and passed through
U.S. Sieve No. 20 sieve (0.841 mm) to achieve a uniform particle size for quality
analysis. Ground samples (0.4 g) were mixed with 100 mL ethanol (Decon Labs, Inc.,
200 proof) and magnetically stirred overnight. The suspension was filtered, and the
ethanol extract was stored at 4 °C under darkness until analysis. These extracts were used
to determine total phenolics and antioxidant activity of samples. All samples were
measured in triplicate.
2.3.4.2.1 Total phenolics
The total phenolics contents of cumin ethanol extracts were assayed by the Folin–
Ciocalteau assay (Singleton and Rossi, 1965) with slight modifications. A 0.15 mL
ethanol extract was mixed with 2 mL diluted Folin–Ciocalteau reagent. After 10 minutes,
1.6 mL of saturated Na2CO3 (7.5%) was added to the mixture and vortexed for 5 s. The
total volume of the final mixture was 5 mL. After incubation for 2 hours at room
temperature in darkness, the absorbance was measured at 765 nm using a UV-1800
Shimadzu spectrophotometer (Shimadzu Corp., Kyoto, Japan). A calibration curve was
prepared using gallic acid standard at 0.5–4.0 µg/mL solutions. Total phenolic acids in
the extracts were expressed as gallic acid equivalents (GAE).
2.3.4.2.2 Antioxidant activity
The 2,2 diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay was used to
determine antioxidant activity of cumin samples (Bersuder et al., 1998). Briefly, 0, 0.5,
1.0, 1.5, 2.0, and 2.5 mL of cumin seed ethanol extracts were mixed with 2 mL DPPH (40
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μg/mL). The total volume of each mixture was completed to 5 mL by adding ethanol.
After vortexing, the mixtures were incubated at room temperature under darkness for 30
min. Then, absorbances of the solutions were measured at 517 nm using a
spectrophotometer (Shimadzu). The scavenging activity of the DPPH radical in each
sample was calculated based on the equation below (Bersuder et al., 1998):
 ( Acontrol − Asample ) 
DPPH Radical - Scavenging Activity (%) = 
 100
Acontrol



Where Acontrol and Asample are absorbances of the control and the sample. The results are
shown as the average of triplicate analysis.
2.3.4.2.3 Color
The color of ground cumin samples was measured using a colorimeter (Model BC-10,
Minolta Co. Ltd., Osaka, Japan) and the color values of L* (lightness and darkness), a*
(redness and greenness), and b* (yellowness and blueness) were obtained. The equipment
was calibrated each time by measuring the color of a white calibration tile. Because the
measuring part of the instrument is flat surface, the sample was put in a petri dish and the
top surface was flattened. The color of the sample was read at five random locations. The
total color difference (ΔE) is an effective tool for detecting differences in human
perception of color and this method has been used to evaluate the color change of
thermally processed foods such as RF treated egg white powder (Boreddy and Subbiah,
2016), steam treated canned food (Ramaswamy et al., 1993) and RF heated black pepper
(Wei et al., 2018). The ΔE with reference the control sample was determined for each
treatment by this equation (Robertson, 1977):
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E = L* + a* + b*
2

2

2

2.3.4.2.4 Volatile compounds analysis
The volatiles compositions of cumin samples were determined by a Thermoscientific
headspace gas chromatography equipped with ISQ Mass Selective Detector (GC-MS). A
0.8 g cumin was incubated for 20 min at 75 °C agitator temperature. A 0.7 mL of gas
mixture released from cumin during incubation was injected into GC-MS with 1:20 split
ratio by a TriPlus RSH auto sampler. The GC column was TG-5MS 30 m x 0.25 mm ID
x 0.25 dF capillary column. Helium carrier gas was used at 1mL/min constant flow rate.
Injection temperature was 230ºC. The oven temperature program was as follows: from
40°C to 290°C with 30 °C/min heating rate and maintained at this temperature for 2 min.
The mass transfer line and ion source temperatures were 250 and 100 ºC, respectively.
The ionization energy was 70 eV and mass range was 10-650 amu. Identification of the
products was done with the NIST-2011 spectral library.

2.4 Results and Discussion
2.4.1 Cold Spot Determination
Temperature profiles of six different points in the rectangular tray are shown in Figure 2.
As can be seen, point 1 was the cold spot of the RF heating process which is at the top
center of the tray. After determining the cold spot, the inoculated pouch was placed at the
cold spot for all RF microbial inactivation studies. Also, it took only about 65 seconds for
points 5 and 6 (bottom and middle layers at the edge of package) to reach 100 ℃. Then,
there was steam generated from the bottom edge part of the sample and the steam
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diffused through the sample from the bottom to the top layer. Due to movement of hot
steam to the top layer, point 4 was heated up quickly to 100 ℃. The same phenomena
happened to the central part of the sample, points 2 and 3 were heated up first generating
steam which then accelerated the heating of point 1. The non-uniform heating is due to
the electric field distribution in the food product (Birla et al., 2004, Wang et al., 2005).
The plastic film on the top of the tray reduced steam loss and improved RF heating
uniformity. Edge and corner parts are hot spots and the top-central part is the cold spot of
RF heating, which agrees with the reported literature (Ling et al., 2019, Liu et al., 2018,
Kim et al., 2012, Huang et al., 2015a, Wang et al., 2015b, Wei et al., 2018).
2.4.2 Stability and Homogeneity Tests
The background microbiota counts in all three batches of cumin seed samples were under
10 CFU/g. This low background microflora would not interfere with the inactivation
treatment counts (Villa Rojas, 2015).
Stability and homogeneity tests for Salmonella enterica and E. faecium after inoculation
were done at aw of 0.65 for 7 days. The water activity was stable around 0.65 after two
days. At day 5, the inoculated sample with a water activity of 0.6544±0.0027 and MC of
10.18±0.10% (w.b) was RF treated. Figure 3 shows stability and homogeneity tests for
both bacteria. The initial population of Salmonella enterica on cumin seed samples was
8.1±0.1 log CFU/g and it dropped by around 1 log CFU/g after 7 days, remaining stable
at about 7 log CFU/g. On the other hand, E. faecium was more stable on cumin seed
samples with less than 0.5 log CFU/g reduction after 7 days. This may indicate that E.
faecium is more easily adaptable to the new low-moisture environment than Salmonella
enterica. Small standard deviations of both bacteria (< 0.2 log CFU/g) were observed
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indicating that the inoculation method provided a good homogeneity level for cumin seed
samples. Therefore, both bacteria were stable and homogenous after equilibration and
could provide a sufficiently high bacterial population (> 7 log CFU/g) to conduct RF
microbial challenge studies.
2.4.3 RF Microbial Inactivation
The first batch sample: The first batch sample with an inoculated pack at the top center
was subjected to RF heating for 70, 80 and 90 s. There were two technical replications for
each treatment time. The average temperatures of top surface obtained from thermal
image after 70, 80 and 90 s RF heating were 87.1±0.7, 90.1±0.1 and 93.05±0.21 ℃,
respectively. After 80 s of RF heating, the MC was reduced from 10.18±0.10% (w.b) to
8.99±0.15% (w.b). Figure 4 shows the survival curve of both Salmonella enterica and E.
faecium for the first batch sample after 70, 80 and 90 s RF heating. There was a 3.5±0.5,
5.8±0.4 and > 6.1±0.2 (below detection limit) log reductions for Salmonella enterica for
70, 80 and 90 s RF treatment, respectively. In contrast, the corresponding log reductions
for E. faecium were lower at 1.8±0.2, 3.3±0.0 and > 6.8±0.1 log reductions indicating that
it is a potential surrogate for Salmonella enterica during RF heating of cumin seeds. A
surrogate is defined as “a non-pathogenic species and strain responding to a particular
treatment in a manner equivalent to a pathogenic species and strain” (Institute of Food
Technologists, 2015). That means that an appropriate non-pathogenic surrogate should
have equal or higher heat resistance than that of Salmonella enterica (Rossana VillaRojas, 2017, Liu et al., 2018, Wei et al., 2018).
Variation among batch samples: Water activity is a major factor for bacteria growth and
affects their thermal resistance in low-moisture foods (Syamaladevi et al., 2016).
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Therefore, the water activity of second batch sample was adjusted to the same water
activity as that of the first batch sample. The second batch sample with a water activity of
0.6583±0.0004 was subjected to RF microbial inactivation. At day 5, the sample was RF
treated for 80 and 90 s with two technical replications. The microbial inactivation results
of E. faecium are shown in Figure 4. There were no reductions for both 80 and 90 s of RF
heating for the second batch sample, while for the first batch, the population of E.
faecium was below the detection limit (< 10 CFU/g) after 90 s of RF heating. (Figure 4).
To investigate the sources of variation, the MC and the average temperature of the top
layer were analyzed. With the same water activity of 0.65, the second batch had an MC
of 8.43±0.26% (w.b), which was considerably lower than that of first batch
(10.18±0.10%). After 90 s of RF heating, the average temperatures of top surface for
second batch sample was 61.50±0.42 ℃ which was considerably lower than that of first
batch (93.05±0.21 ℃). MC is a critical factor, which can influence dielectric properties
including dielectric constant and dielectric loss factor (Ozturk et al., 2016, Bedane et al.,
2017, Ling et al., 2015). Dielectric constant represents a material's ability to store the
electric field energy and the dielectric loss factor determines how much electromagnetic
energy can be converted to thermal energy (Zhang et al., 2016, Boreddy and Subbiah,
2016). Visibly, there were considerably higher foreign material and sticks in the second
batch sample, when compared to first batch sample. Spices are procured from various
developing countries and there is a large variation in material quality from batch to batch.
We hypothesize that this visible batch variation for RF microbial inactivation led to
variation in RF heating rate and, therefore, final temperature and microbial inactivation at
the end of the same heating time.
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Control of MC instead of aw: Because of the large batch variation in RF microbial
inactivation between first and second batch with the same water activity, MC of all 3
batches was controlled instead of water activity. Table 1 summarizes MC of 10.2 % (w.b)
with their corresponding water activities. For the first and second batch samples, they
have different water activities with the same MC, while it is almost the same for the
second and third batch samples in terms of water activity with the same MC.
Consequently, MC was deemed to be the critical process control parameter for the
following study section.
The second and third batch samples: Figure 4 shows survival curves of both Salmonella
enterica and E. faecium for the second batch sample after 80, 90 and 100 s RF heating.
There were 2.0±0.7, 5.3±0.1 and > 6.2±0.0 log reductions for Salmonella enterica after
80, 90 and 100 s RF inactivation, respectively. However, there were 1.4±0.2，2.4±0.0
and > 6.5 log reductions for E. faecium after 80, 90 and 100 s RF heating, respectively. E.
faecium was more heat-resistant than Salmonella enterica, Since Salmonella enterica
always showed higher log reductions than those of E. faecium after the same RF heating
times, it can be concluded that E. faecium is potentially a good surrogate for Salmonella
enterica in cumin seeds under RF treatment. Comparing the result of the first batch with
the second batch, it required different heating time to kill all the bacteria even with the
same MC for both batches. It took different time (90 vs 100 s) for the first and second
batch samples with the same MC to achieve the same temperature because of their
potentially differences in dielectric properties. From the results of first and second batch
samples, it is obvious that water activity or treatment time are not the critical control
parameters to assure food safety due to large variation in samples. Therefore, the cold
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spot temperature was monitored during RF inactivation process for the third batch
sample.
Cold spot temperature determination: Figure 5 shows cold spot temperature comparison
between the first and the second batch samples during RF heating process. Even with the
same MC of the first and the second batch, their RF heating rates were different
potentially due to differences in material properties such as dielectric properties and bulk
density. It took 80 s and 90 s for the cold spots of batch 1 and batch 2 to reach about
100 ℃, and then both cold spot temperatures remained stable around 100 ℃ for next 10
seconds. Cold spot temperatures of batch 1 and batch 2 were 103.2 and 101.6 ℃ after 90
and 100 s RF heating, respectively. Therefore, it is better to monitor cold spot
temperature rather than treatment time due to batch variation in RF heating process.
Therefore, cold spot temperature was monitored by fiber optic sensor until reaching
102 ℃ (between 101.6 and 103.2 ℃) for batch 3 sample, and then RF system was turned
off.
The third batch sample: The target cold spot temperature of third batch sample was
102 ℃. Two technical replications were done for both Salmonella enterica and E.
faecium. The actual final temperatures of the samples inoculated with Salmonella
enterica and E. faecium were 101.3±1.4 and 101.1±1.3 ℃, respectively, after 106 and
102 s of RF heating. The populations of both Salmonella enterica and E. faecium were
below detection limit after treatment (Table 1). This result showed a very important
implication for RF application in food industry. MC and cold spot temperature are two
critical process control factors for managing batch variation in simulated industry
condition for a fixed RF setting in a certain RF system.
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2.4.4 Particle Size and Bulk Density Analysis
To investigate batch variation, particle size and bulk density analysis were performed.
Particle size distribution of cumin seeds typically follows log-normal distribution after
transforming size to log (size) (Figure 6). Particle size characteristics and bulk densities
of all three batches cumin seeds are shown at Table 1. Batch 1 had a much larger particle
size and lower bulk density than those of batch 2 and batch 3. Particle size affects bulk
density, which is related to dielectric properties thereby influencing RF heating rate
(Huang et al., 2015b, Boreddy and Subbiah, 2016). As batch 1 and 2 have different
particle size distribution and bulk density, the efficacy of RF on microbial inactivation
was different for the same treatment time. As the properties were similar between batch
2 and 3, the efficacy of RF treatment was similar. Growth, harvest, and production
conditions, along with physical and chemical characteristics of a spice, influence its
microbiological quality (Farakos and Frank, 2014). All these different conditions and
material properties contribute to production lot variation, which requires stricter process
control parameters for RF microbial inactivation.
2.4.5 Quality Analysis
Quality analysis was performed for both control (untreated) and RF treated samples
(Table 2). Quality of RF treated samples which achieved more than a 5-log reduction of
Salmonella enterica for all three batches were analyzed. After RF treatment, MC reduced
from 10.19±0.01% (w.b) to 8.75±0.24% (w.b), which was close to safe storage MC of
9.0% (w.b) for cumin seeds (Tainter and Grenis, 2001). There was no significant
difference for color in terms of L*, a* and b* before and after RF treatment. The color
difference △E was 0.34. A value less than 1 is not detectable by humans (Mokrzycki and
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Tatol, 2011). While the total phenolics was slightly reduced due to RF treatment, there
was no significant difference before and after RF treatment. DPPH radical scavenging
activity of control and RF treated sample is shown on Figure 7. Antioxidant activities of
both control and RF treated samples increased with the increasing extract concentrations.
No significant difference was found for antioxidant activities between control and RF
treated samples (P>0.05).
2.4.5.1 Volatile compounds
The headspace GC–MS analysis of cumin samples showed the presence of 17 volatile
compounds (Table 3). There were no significant differences in relative compositions of
all volatile compounds in cumin samples before and after RF treatment (P>0.05). Some
compositions and total area of the volatile compounds increased after RF treatment,
which may be due to the breakage of the protective surface of cumin seeds caused by
high temperature. The major volatile compounds (˃7% area) of cumin were β-pinene, pcymene, γ-terpinene, 3-carene and cumin aldehyde which made up ~82% of the total
volatile constituents. It was reported that these principal components of cumin
extracts/essential oils are responsible for strong bioactivity properties such as antioxidant,
antimicrobial against Escherichia coli, Staphylococcus aureus, Listeria monocytogenes,
Aspergillus niger, Bacillus subtilis and Staphylococcus epidermidis (Gachkar et al., 2007;
Jirovetz et al., 2005) and antifungal against to Curvularia lunata, Fusarium moniliforme,
A. ochraceus, A. flavus, Penicillium citrinum (Singh et al., 2006). Aldehydes (mainly
cumin aldehyde) contribute to the characteristic flavor of cumin seed (Boelens, 1991).
The origin and environmental conditions, harvesting stage, storage conditions, extraction
method of volatiles (essential oils versus direct extraction by headspace) cause variation
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in the chemical composition of cumin (Behera et al., 2004, Chaudhary et al., 2014,
Bettaieb-Rebey et al., 2012).
According to our results, cumin seed could retain all major volatile compounds and its
flavor after RF treatment. The results showed higher standard deviations of volatile
compounds in cumin than those of RF treated black pepper, which was previously
reported by Wei et al., (2018). One possible reason is due to the large batch variations of
cumin seeds in terms of material properties, such as particle size, bulk density, dielectric
property and even chemical compositions.
2.4.6 Discussion
Different heating times (80, 90 and 106 s) were required to achieve more than 5 log
reductions of Salmonella enterica for three batches of samples. There were no significant
quality deteriorations in color, total phenolics or volatile compounds of cumin seeds
before and after RF treatment. These results indicate that RF heating is a promising
decontamination method for cumin under studied conditions. Although other
interventions may be effective for microbial decontamination of spices, they can cause
quality losses in the content of bioactive compounds. For instance, decontamination of
paprika powders by irradiation and steaming caused slight changes on bioactive
components and significant changes in the levels of volatile aroma compounds (Molnar et
al., 2018).
E. faecium has been widely used as a surrogate for Salmonella as it has similar thermal
resistance in many food matrices and its safety for use in processing plants (Villa-Rojas
et al., 2017, Liu et al., 2018, Wei et al., 2018). In this study, E. faecium consistently
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showed lower log reductions than Salmonella enterica under RF treatments with same
conditions. Thus, E. faecium is a suitable surrogate for Salmonella enterica for RF
treatment in cumin seeds.
It is commonly reported that the D values of various microorganisms in low-moisture
food products such as wheat flour (Liu et al., 2018) and egg white powder (Boreddy,
2015), non-fat dried milk powder (Michael et al., 2014) are in the order of minutes to few
hours. As RF will continue to heat the food products similar to microwave ovens, RF is
usually used to volumetrically and rapidly heat the food product to the desired target
temperature and then the samples were moved to a hot air oven to hold at the target
temperature to achieve desired level of microbial reduction. However, thermal resistance
of microorganisms in spices is relatively low (in the order of few minutes) due to the
presence of antimicrobial compounds (Gachkar et al., 2007, Jirovetz et al., 2005), when
compared to other low moisture products. Therefore, it is desirable to heat the food
product to the highest possible temperature with very short or no holding time to
minimize loss of volatiles, while achieving desired microbial log reduction. This uses the
concept of high-temperature-short-time (HTST) processing to preserve the quality of
products as z-value of nutrients is much higher than that of microorganisms (Tang et al.,
2000).
Most spices in US are imported from developing countries, which may not have very
good hygiene conditions (Farakos and Frank, 2014). Those spices growing in different
environmental and climatic conditions may have different material properties (particle
size, bulk density and dielectric properties), which could influence RF heating pattern.
Production lots (batches) variation due to these different conditions and material
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properties requires stricter process control parameters for RF microbial inactivation.
Therefore, it is very important to control batch variations by monitoring critical process
parameters for applying RF heating technology in spices industry. Table 1 summarizes all
the initial material properties and process control parameters before RF treatment and the
corresponding log reductions for both bacteria after RF treatment for all three batch
samples. Table 1 demonstrates the variations in bulk density, particle size, and water
activity of samples even at the same moisture content. This resulted in different treatment
times to achieve the desired log reduction. When cold spot temperature
achieved >101℃, all samples achieved >5 log reductions despite sample variation.
Therefore, the MC and cold spot temperature are two critical process control parameters
for RF microbial inactivation based on results from this study. The cold spot in RF
heating of cumin seeds was at the center of top layer. In this study, we controlled cold
spot temperature around 100 ℃. Due to evaporative cooling, the cold spot temperature
did not rapidly increase beyond 100 ℃. Steam movement during this additional heating
improved heating uniformity. Cold spot is not always at the geometric center of treated
sample, it depends upon various factors, such as, sample geometry, top electrode voltage
and configuration, dielectric properties of both food product and container (Tiwari et al.,
2011, Jiao et al., 2015, Huang et al., 2016, Wang et al., 2015a). The cold spot of treated
sample with a certain MC should be identified before conducting RF microbial
inactivation.
It took less than 2 min of RF heating for the cumin samples cold spot temperature to
reach >100 ℃ and achieve more than 5 log reductions for both Salmonella enterica and
E. faecium. Therefore, RF heating holds great potential for pasteurizing spices. The fast
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RF heating rate (>37.5 ℃/ min) may play an important role here. A very slow heating
rate (< 1 ℃/ min) may allow bacteria to gain unusually high thermal resistance as
bacteria is being conditioned as the temperature is slowly increased (Zhang et al., 2018,
Kou et al., 2016). The very fast heating rate does not give bacteria sufficient response
time and opportunity to adapt and produce heat-resistant protein to gain thermal
resistance (Zhang et al., 2018, Kou et al., 2016). Therefore, it is beneficial to rapidly heat
the products volumetrically to as high temperature as possible without considerably
degrading quality and hold the samples for very short time or with no holding time to
pasteurize the products. RF can achieve those conditions successfully, as shown in this
study and other studies (Wei et al., 2018, Liu et al., 2018, Hou et al., 2018, Li et al., 2017,
Hu et al., 2018, Choi et al., 2018, Kim et al., 2012, Jeong and Kang, 2014). This might be
one of the reasons for efficient RF microbial inactivation.
While there was no significant loss in quality due to HTST RF processing in this study,
there was still a slight reduction in quality. Statistical analysis was affected by large
sample variation that was evident in this study. Further research could focus on lowtemperature-long-time (LTLT) processing of spices. Heating the samples to a lower
target temperature improves heating uniformity. The sample would have to be moved to a
hot air oven to maintain the temperature for holding time to achieve desired lethality. To
systematically conduct those studies, thermal inactivation kinetics parameters (D and z
values) for Salmonella enterica and E. faecium as a function of temperature and water
activity in cumin seeds must be determined. Quality of cumin seeds treated using LTLT
processing must be compared with the quality of samples treated by HTST processing
that was performed in this study.
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2.5 Conclusions
It only took less than 2 min of RF heating to achieve more than 5 log reductions of
Salmonella enterica without significant quality loss. E. faecium consistently showed
lower log reductions than Salmonella enterica under the same RF treatment conditions.
Therefore, E. faecium is a suitable surrogate of Salmonella in cumin seeds for RF
microbial inactivation. Batch variation requires stricter process control parameters for RF
microbial inactivation. In addition to electrode gap in a certain RF system (frequency and
power), the moisture content and cold spot temperature are two critical process control
parameters to manage sample batch variation. Lastly, RF heating is an efficient and
promising spice decontamination method.
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Figure 2.1. Locations inside the tray where temperature of cumin seeds was
monitored using fiber optic sensors during RF heating (all dimensions are in cm).
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Figure 2.2. Temperatures profiles of six different locations in the rectangular tray
(Location of the points are defined in Fig. 1).
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Figure 2.3. Stability and homogeneity tests of both Salmonella enterica and E.
faecium for 7 days.
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Figure 2.4. Survival curves of Salmonella enterica and E. faecium for the first and
second batch samples with the same water activity (aw) or moisture content (MC)
after RF heating.
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Figure 2.5. Cold spot comparison between 1st and 2nd batch samples during RF
heating process.
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Figure 2.7. Antioxidant activities of control and RF treated cumin seeds.

Table 2.1. Effect of initial material properties and RF process control parameters on microbial inactivation.

Batch

Microorganism

MC
(avg±std)
(%)

aw
(avg±std)

10.18±0.10 %

0.6544±0.0027

Bulk
density
(avg±std)
(kg/m3)

Geo. mean
diameter
(avg±std)
(mm)

536.2±15.5

1.16±0.13

Treatment
time
(seconds)

Cold spot
temperature
(avg±std)
(℃)

Salmonella
1

>6.1±0.2
90

103.2±3.5

E. faecium

>6.8±0.1

Salmonella
2

>6.2±0.0
10.19±0.08 %

0.7447±0.0007

628.3±14.1

1.05±0.19

100

101.6±1.1

E. faecium

>6.5±0.0

Salmonella
3

10.19±0.05 %
E. faecium

Log
reduction
(avg±std)
(log)

0.7419±0.0004

623.0±7.5

106

101.3±1.4

>5.8±0.0

102

101.1±1.3

>6.4±0.1

1.05±0.18
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Table 2.2. Moisture content, color and total phenolics of control and RF treated
samples
Quality
Moisture content (MC) (%)
Color (L*)
Color (a*)
Color (b*)
Color difference (△E)
Total phenolics (µg/g)

Control
10.19±0.01 a
52.92±2.28 a
5.78±1.27 a
18.70±2.62 a
0
7.28±0.48 a

RF treated
8.75±0.24 b
53.11±1.00 a
6.06±1.20 a
18.66±1.64 a
0.34
6.55±1.09 a

Mean ± standard deviation from three replications. Values followed by same letters within a row are not significantly different
(P >0.05).
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Table 2.3. Volatiles content and relative composition of control and RF treated
cumin seed samples
Area (%)
Compounds
α-Thujene
α-Pinene
Camphene
Sabinene
β-Thujene
α-Phellandrene
β-Pinene
β-Phellandrene
p-Cymene
p-Mentha-1,3,8-triene
o-Cymene/4-ethyl,3-methyl toluene
3-Carene
γ-Terpinene
4-Isopropyl-1,3-cyclohexadien-1-yl) methanol
Cumin aldehyde
2-Caren-10-al
Caryophyllene

Control

RF treatment

0.78±0.58 a
3.43±1.55 a
0.06±0.04 a
1.21±0.66 a
3.68±1.55 a
0.94±0.33 a
20.18±1.07 a
1.59±0.34 a
19.58±1.13 a
5.22±3.07 a
6.39±1.63 a
13.89±2.67 a
13.92±2.61 a
0.87±0.55 a
7.02±0.97 a
1.20±0.75 a
0.05±0.05 a

0.84±0.60 a
3.62±1.87 a
0.06±0.05 a
1.30±0.71 a
4.01±1.90 a
0.98±0.39 a
20.10±0.66 a
1.64±0.28 a
19.33±0.66 a
4.92±2.25 a
7.08±1.98 a
13.68±2.42 a
14.03±2.46 a
0.73±0.43 a
6.50±1.08 a
1.13±0.73 a
0.04±0.05 a

Mean ± standard deviation from three replications. Values followed by same letters within a row are not significantly different (P >0.05).
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CHAPTER Ⅲ
MICROBIAL CHALLENGE STUDY AND QUALITY EVALUATION
OF CUMIN SEEDS PASTEURIZED BY CONTINUOUS RADIO
FREQUENCY PROCESSING
Long Chena, Sibel Irmaka,c, Byron D. Chavesb , Jeyamkondan Subbiahd*
a

Department of Biological Systems Engineering, University of Nebraska-Lincoln,
Lincoln, NE 68583, USA

b

Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln,
NE 68588, USA
c

Industrial Agricultural Products Center, University of Nebraska-Lincoln, Lincoln, NE
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d

Department of Food Science, University of Arkansas, Fayetteville, AR-72704, USA

3.1 Abstract
The objective of this study was to validate the continuous radio frequency pasteurization
of cumin seeds and evaluate cumin quality after treatment. In the present study, microbial
validation of continuous radiofrequency (RF) pasteurization of cumin seeds was
investigated. The specific heat capacity was measured for three batches of cumin samples
with two replicates. Specific heat capacity of batch 2 and 3 were similar, while the values
showed significant variation when compared to that of batch 1. Overall, no significant
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differences were found in color, total phenolics, antioxidant activity and relative
compositions of volatile compounds in cumin seeds before and after continuous RF
pasteurization. However, when individual peak areas of volatiles were compared, the
treated samples of all three batches were significantly different from their corresponding
control samples. This continuous RF microbial validation study can be used for scalingup RF pasteurization technology to an industrial scale. This study shows that RF holds a
great potential for the industrial pasteurization of cumin seeds.

Keywords: continuous RF pasteurization; quality evaluation; Salmonella; cumin seeds;
quality.
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3.2 Introduction
Spices and herbs are considered to be ready-to-eat foods hence they do not require further
cooking or processing before being consumed. These commodities have historically been
considered microbiologically safe (EC, 2005) because the low water activity (aw) (0.20.6) of dried spices does not support growth of Salmonella (Farkas, 2007). However,
salmonellosis outbreaks have been associated with a variety of spice products (Finn et al.,
2013, Van Doren et al., 2013) indicating that there is a need to develop an adequately
validated intervention technology to prevent salmonellosis outbreaks and improve public
health. Radio-frequency (RF) heating has been successfully applied to pasteurize lowmoisture foods, such as wheat flour (Liu et al., 2018), corn flour (Ozturk et al., 2019),
nuts (Li et al., 2017) and spices (Jeong and Kang, 2014, Kim et al., 2012, Choi et al.,
2018, Hu et al., 2018, Wei et al., 2018, Wei et al., 2019, Chen et al., 2019). However, all
these RF pasteurization processes were made under stationary (batch) conditions. RF has
the advantages of long penetration depth and volumetric heating, which makes RF
heating a very promising technology to apply at an industrial scale (Marra et al., 2009,
Boreddy, 2015, Chen et al., 2015, Ling et al., 2019). Therefore, it is necessary to validate
radio-frequency pasteurization process under continuous conditions.
Sausage products were RF heated and pasteurized in the continuous line and had a good
appearance, smooth surface and did not show moisture or fat release after treatment
(Houben et al., 1991). Piyasena and Dussault, (2003) investigated the influence of active
current, flow rate, and salt content for continuous RF heating of a model viscous guar
solution (0.27% (w/w) of guar and various salt contents at 0.20, 0.45 and 0.70% (w/w).
Five and seven log reductions were achieved for Listeria and E. coli, respectively after
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55.5 s (29.5 and 26 s in the applicator and holding tube, respectively) of RF heating at
1200 W in milk under continuous flow conditions using a 2 kW, 27.12 MHz RF system
(Awuah et al., 2005). Wang et al., (2007 a, b) conducted the industrial-scale radio
frequency treatments for insect control in walnuts in a food processing plant. Chen et al.
(2016 and 2017) developed and validated a computational model to describe the
continuous RF heating of wheat kernels. A pilot-scale, 27.12 MHz, 6 kW RF system was
used to simulate the continuous industrial processing for controlling Sitophilus oryzae in
rough, brown, and milled rice (Zhou and Wang, 2016). Continuous RF
thawing/tempering of tuna and lean beef process models were developed and
experimentally validated (Erdogdu et al., 2017, Bedane et al., 2017). However, there have
been few studies on continuous RF pasteurization of low-moisture foods, especially for
spices; most studies were batch operations under stationary conditions (Jeong and Kang,
2014, Kim et al., 2012, Choi et al., 2018, Hu et al., 2018, Wei et al., 2018, Chen et al.,
2019). For example, it took 90-106 s of stationary RF heating to achieve > 5-log
reduction of both Salmonella and its non-pathogenic surrogate Enterococcus francium
NRRL B2354 in cumin seeds, and the cumin quality was not significantly changed after

treatment (Chen et al., 2019). The differences in the particle sizes and bulk densities of
three batches samples influenced RF heating rate, which requires stricter process control
parameters for RF microbial inactivation (Chen et al., 2019).
Therefore, it is necessary to validate RF microbial inactivation for spices under
continuous condition with conveyor belt movement, which can provide reference and
guidance for future RF pasteurization of spices at a large scale.

69

The objectives of this study were to: (1) determine conveyor belt speed and treatment
time for the continuous RF pasteurization, (2) validate continuous RF pasteurization of
cumin seeds, and (3) evaluate cumin quality after continuous RF pasteurization.

3.3 Materials and Methods
3.3.1 Materials
Cumin seeds of three different production lots pretreated by steam were obtained from
McCormick & Company, Inc. (Sparks, MD, USA) and stored at ambient temperature in a
sealed container. Therefore, humidity was not controlled. As it was a sealed contained,
the humidity should be equilibrium relative humidity. To analyze background microbiota,
five random 1-g cumin samples from each batch were individually ten-fold diluted using
buffered peptone water (BPW; Becton, Dickinson (BD) and Company, Sparks, MD). The
diluted solution was spread plating onto trypticase soy agar (TSA) (BD and Company,
Sparks, MD) supplemented with 0.6% (w/v) yeast extract (YE) (BD and Company,
Sparks, MD). Plates were incubated at 37 ℃ for 48±2 h.
Five different serovars of Salmonella enterica (Salmonella Agona 447967, Salmonella
Reading Moff 180418, Salmonella Tennessee K4643, Salmonella Montevideo 488275
and Salmonella Mbandaka 698538) were selected due to their association with various
foodborne illness outbreaks in low-moisture foods (Wei et al., 2018, Chen et al., 2019).
Non-pathogenic bacteria Enterococcus faecium NRRL B2354 was evaluated as a suitable
surrogate for Salmonella cocktail. The source information for all the microorganisms
used in this study could be found in Chen et al., (2019). All bacterial cultures
maintenance was followed our previous study (Chen et al., 2019).
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3.3.2 Moisture Content (MC) and Water Activity (aw)
The MC of cumin seeds was determined before and after continuous RF treatment. The
MC was analyzed by using a Halogen Moisture Analyzer HR73 (Mettler Toledo
Laboratory and Weighing Technologies, Greifensee, Switzerland). Sample water activity
(aw) was measured using a dew point water activity meter (Aqualab Series 4TE, Decagon
Devices Inc., Pullman, WA, USA) at 25°C before and after RF treatment. Only samples
within ± 0.02 of the targeted aw was subjected to continuous RF treatment (Chen et al.,
2019).
3.3.3 Microbial validation of Continuous RF pasteurization
3.3.3.1 Inoculation method
One isolated colony was aseptically harvested from working stock plates refrigerated at
4°C for each microorganism using a 10 µL loop. Each isolated colony was transferred to
10 mL of TSB supplemented with 0.6% YE (TSBYE) and vortexed thoroughly, then
incubated at 37 °C for 24±2 h. After incubation, 0.1 mL of the overnight broth culture
was aliquoted onto a labeled TSAYE plate and spread using a sterile L-shaped spreader.
All plates were incubated in an inverted position at 37°C for 24±2 h to grow lawns on the
agar surface. Finally, the lawns were harvested by pouring 3 mL of 0.1% BPW to the
agar surface and gently agitating cells into solution with a spreader. The cell solution was
collected and transferred to a sterile tube. The remaining plates of each bacteria strain
were harvested with the same process. The Salmonella enterica cocktail was prepared by
aseptically aliquoting equal volume inoculum of each serovar into a new sterile conical
tube and vortexed for 30 s to ensure homogeneous distribution of cells.
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A sterile Whirl-Pak bag containing sufficient cumin seeds sample for the continuous RF
pasteurization experiments was prepared for inoculation. Then, the cumin seeds surface
was sprayed with either Salmonella enterica cocktail or E. faecium inoculum (100 g/mL)
and the inoculated sample was hand-massaged and mixed for 10 min to ensure the
uniform bacterial cells distribution on the product surface (Chen et al., 2019). The
inoculated sample and enough uninoculated sample were transferred to a relative
humidity (RH) chamber to equilibrate to the target water activity and moisture content.
The RH chamber was described in Chen et al., (2019). Stability and homogeneity tests
were conducted before the continuous RF pasteurization. The detailed procedure for
stability and homogeneity tests can be found in the previous study (Chen et al., 2019).
3.3.3.2 Continuous RF Pasteurization
Based on our previous research (Chen et al., 2019), it took 90, 100 and 106 s of stationary
RF heating to achieve more than 5-log reduction of Salmonella in three different batches
of cumin seeds with a moisture content of 10.2 % (w.b) due to batch variation. Growth,
harvest, production conditions and physical and chemical characteristics differences of
three batches of cumin samples contribute to their variation (Chen et al., 2019). The
specific heat capacity of three batches of cumin powder samples was measured with two
replicates for each batch with a differential scanning calorimeter (DSC 822, Mettler
Toledo, Columbus, Ohio) from 20°C to 150°C at a heating rate of 15 °C/min. About 6
mg of food sample was put in a 40 μL crucible made of aluminum and covered with a lid.
The crucible with samples and a reference crucible were placed in the DSC for
measurement.
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For the continuous RF pasteurization experiments, the conveyor belt speed and total
treatment time were calculated from equations (1) and (2) (Chen et al., 2016), where a
(0.83 m) is the length of top electrode, b (0.165 m) is the length of sample container, t is
the stationary RF heating time (90, 100 and 106 s) for three batches of cumin samples to
achieve more than 5-log reduction of Salmonella, and ttotal is the total RF heating time
under continuous condition. Table 1 summarizes the initial moisture contents (MC),
water activities (aw), conveyor belt speeds and total RF heating times for three batches of
cumin seeds before continuous RF pasteurization. The statistical analysis showed that the
water activity of batch 1 was significantly different (P<0.05) from those of batch 2 and
batch 3. There was no significant difference (P>0.05) in water activity between batch 2
and batch 3. The batch variation existed among three batches samples in terms of particle
size, bulk density and these material properties differences resulted in different water
activities for the same MC in the cumin samples (Chen et al., 2019). Since MC
determines the dielectric properties of cumin seeds, the same MC of 10.2 % was adjusted
for all 3 batches samples to ensure the similar RF heating rates.
v=

a *3600
t

ttotal =

a+b
*3600
v

(1)

(2)

A pilot-scale free running oscillating RF system (Model SO-6B, Monga Strayfield Pvt.
Ltd., Pune, India) with two parallel plates (6 kW, 27.12 MHz) was used in this study. The
electrode gap is changeable by adjusting the movable top electrode, which determines
how much electromagnetic energy can be converted to thermal energy for the specific
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food material in the RF cavity. An electrode gap of 10.5 cm was selected to achieve the
fastest heating rate for maximizing food quality retention. A polyethylene pouch
(L×W×H：8 cm × 6 cm × 1 cm) containing 20 grams of inoculated cumin seeds was
located at the pre-determined cold spot, which was the top center of the container (Wei et
al., 2018, Liu et al., 2018, Chen et al., 2019). The dimension of the tray and six different
locations of fiber optic probes were given in our previous paper to determine the cold
spot (Chen et al., 2019). The cold spot temperature in this study was monitored by fiber
optic sensor (Neoptix, Inc., Quebec City, Quebec, Canada) which has an accuracy of
0.6°C. The partial inoculation method was followed in this study (Liu et al., 2018, Wei et
al., 2018, Chen et al., 2019). The dielectric loss factor of polyethylene is 0.0023 (Chen et
al., 2015, Chen et al., 2016, Huang et al., 2015), which is almost transparent to the
electric field inside RF cavity. Therefore, introducing of polyethylene material would not
influence the original heating pattern. A laminated paper tray (L×W: top dimension:16.5
cm×13 cm, bottom dimension:14 cm×10 cm with a height of 4 cm) (ConAgra Brands,
Inc., Omaha, NE, USA) containing total of 450 g sample (20 g inoculated and 430 g
uninoculated sample) was placed on the ground electrode center in the RF cavity. A
plastic wrap (Press’n Seal, The Glad Products Company, Oakland, CA, USA) was used
to seal the tray for reducing moisture and heat loss and improving heating efficiency and
uniformity. A venting nut was put at the center of the film and used to release water
steam vapor generated by RF heating.
The inoculated pack was transferred to a sampling bag and immersed into ice-water to
cool down the sample and stop further thermal inactivation from the remaining heat after
continuous RF heating. This can give a conservative estimate of efficacy of continuous
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RF pasteurization and provide additional microbial kill against vegetative cells such as
Salmonella for the real case without immediate cooling process. To enumerate survivals
after continuous RF pasteurization, the inoculated sample (20 g) was transferred to a
sterile Whirl-Pak and 180 mL of 0.1% BPW was added to achieve tenfold-dilution and
then blended for 60 s in a stomacher (Neutec Group Inc, NY, USA). A 9 mL of 0.1%
BPW was used to decimally diluted the blended samples and all the diluted samples were
plated in duplicate onto TSAYE supplemented with 0.05% (w/v) ammonium iron citrate
and 0.03% (w/v) sodium thiosulfate (mTSA) for Salmonella and TSAYE supplemented
with 0.05% (w/v) ammonium iron citrate, and 0.025% (w/v) esculin hydrate (eTSA) for
E. faecium. All plates were inversely placed and incubated for 24±2 h at 37 °C. The
continuous RF treatment experiment was conducted for three biological replicates (three
different batches of cumin seeds and three independent cultures) and two technical
replicates for each biological replicate. Two 3-g untreated and inoculated cumin seeds
were randomly sampled and enumerated as control and the value was used to calculate
log reductions for the continuous RF pasteurization study (Chen et al., 2019).
3.3.4 Quality Analysis
After continuous RF pasteurization, the uninoculated samples were chilled at ambient
temperature to consider the worst-case scenario for quality analysis. A Waring
Commercial Spice Grinder (WSG60, Conair Corporation, CT, USA) was used to blend
and ground the uninoculated samples. The cumin powder went through the U.S. Sieve
No. 20 sieve (0.841 mm) to obtain a uniform particle size for chemical analysis.
Bioactive compounds in cumin samples were extracted with ethanol (Decon Labs, Inc.,
200 proof) by magnetically stirring at room temperature overnight (0.4 g cumin/100 mL
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ethanol). Phenolics are usually soluble in the solvents that are less polar than water (e.g.
ethanol, methanol, isopropanol, acetone, ethyl acetate, etc.). Since ethanol is GRAS
(generally recognized as safe) solvent and has less toxicity compared to others, it is
commonly used to extract bioactive compounds including total phenolics from various
sources. There are many reported studies in which ethanol was used for extraction of
bioactive compounds (Casagrande et al., 2018, Peanparkdee et al., 2019, Piana et al.,
2018). The ethanol extracts were stored in the vials after filtering. The vials were covered
with aluminum foil to prevent photodegradation and refrigerated at 4°C until analysis.
The total phenolics and antioxidant activity assays were performed on ethanol extracts.
All sample measurement was conducted in triplicate.
3.3.4.1 Determination of total phenolics
The Folin–Ciocalteau assay (Singleton and Rossi, 1965) with slight modifications as
described in Chen et al. (2019) was used to determine the total phenolics contents in
cumin ethanol extracts. 0.10 mL ethanol extract was used in the assay. The total volume
of assay solution was 5 mL with 2 mL Folin–Ciocalteau reagent, 1.6 mL saturated
sodium carbonate and corresponding amount of distilled water. The solutions were
incubated in dark at room temperature for 2 hours before measuring the absorbances at
765 nm using a UV-1800 Shimadzu spectrophotometer (Shimadzu 221 Corp., Kyoto,
Japan). Total phenolic acids in the mixture were given as gallic acid equivalents (GAE)
based on calibration curve obtained from 0.5–4.0 µg/mL gallic acid standards.
3.3.4.2 Antioxidant activity
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Antioxidant activity of cumin extracts was determined by 2,2 diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay (Bersuder et al., 1998). Briefly, 0, 0.5, 1.0, 1.5, 2.0, and
2.5 mL of cumin ethanol extracts were mixed with 2 mL DPPH (40 μg/mL) and diluted
to 5 mL by ethanol. The mixtures were incubated in dark at ambient temperature for 0.5 h
after vortexing. A wavelength of 517 nm was used to measure the absorbances of the
solutions. The scavenging activity of the DPPH radical in each sample was determined by
using the equation proposed by Bersuder et al. (1998). The antioxidant activity of the
samples was measured in triplicate.
3.3.4.3 Color
A colorimeter (Model BC-10, Minolta Co. Ltd., Osaka, Japan) was used to determine and
obtain the color values of L* (lightness and darkness), a* (redness and greenness), and b*
(yellowness and blueness) of ground cumin samples. The detailed information about
colorimeter calibration and color measurement can be found in Chen et al., (2019). The
total color difference (ΔE) has been successfully used to detect the color change of
thermally processed foods such as RF treated spices (Chen et al., 2019, Wei et al., 2018),
steam treated canned food (Awuah et al., 1993). The ΔE was calculated for each
continuous RF treated sample using the following equation (Robertson, 1977):
∆𝐸 = √(𝐿∗0 − 𝐿∗ )2 + (𝑎0∗ − 𝑎∗ )2 + (𝑏0∗ − 𝑏 ∗ )2
where the 𝐿∗0 , 𝑎0∗ , 𝑏0∗ and 𝐿∗ , 𝑎∗ , 𝑏 ∗ are the color attributes of the cumin sample before and
after RF treatment, respectively.
3.3.4.4 Volatile compounds
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The volatile compounds of cumin were measured by GC-MS analysis using headspace
injection unit (Thermo Scientific Trace 1300 gas chromatograph with ISQ-QD). A 0.8 g
ground cumin sample was incubated for 20 min at 75 °C agitator temperature. The gas
mixture released from the sample was injected into GC-MS by a TriPlus RSH auto
sampler. The injection volume was 0.7 mL. The injection was performed with 1:20 split
ratio. The GC column used was TG-5MS (30 m x 0.25 mm ID x 0.25 dF) capillary
column. Volatile compounds were identified with the NIST-2011 spectral library. The
detailed system parameters of GC-MS and experiment procedures can be found in Chen
et al., (2019).
3.3.5 Statistical Analysis
All samples were prepared in triplicates for quality evaluation. Independent two-tailed ttest was performed for water activity and moisture content among three batches in
Microsoft Excel. The samples were analyzed by at least two injections in GC-MS or two
absorbance readings in UV spectrophotometer. The means of two readings per replication
were used in the statistical analysis. Statistical analysis of the data was performed in
Microsoft Excel by applying paired T-test for comparison of means at the 5%
significance level (α=0.05).

3.4 Results and Discussion
3.4.1 Cold Spot Temperature
Cold spot temperature was at the top center of the tray (Chen et al., 2019). Cold spot
temperature profiles of three batches of cumin samples in the tray during continuous RF
heating are shown in Figure 1. Due to variation in samples in terms of material
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properties, such as particle size, bulk density and dielectric properties (Chen et al., 2019),
the three batches were heated at different rates. Therefore, the conveyor belt speed was
adjusted for 3 batches to have different treatment time (Table 1) so that they all can
achieve the target temperature of 100 ℃ at the end of continuous process. With the
conveyor belt speeds of 33.2, 29.9 and 28.2 m/h for 3 batches, it took 108, 120 and 127 s
to pass through the RF cavity and all batches reached the desired target temperature of
100℃ (Figure 1).
3.4.2 Continuous RF Pasteurization
According to Figure 2, batch 2 and batch 3 have similar specific heat capacity, while
batch 1 has higher heat capacity than those of batch 2 and 3 at the temperature range of
20-150 °C. Chen et al. (2019) reported that the three batches of cumin samples had
different particle sizes and bulk densities. The similar specific heat values were reported
by Singh and Goswami. (2000). This result agrees with the previous results reported by
Chen et al. (2019). Batch 2 and batch 3 had a much smaller particle size and higher bulk
density than those of batch 1. Batch 2 and 3 have very similar particle size and bulk
density (Chen et al., 2019). This thermal property result could support that batch variation
exits among different batches sample.
Table 2 shows the log reductions of both S. enterica and E. faecium for all three batches
of cumin samples after 108, 120 and 127 s continuous RF heating. S. enterica levels were
below the detection limit after 108, 120 and 127 s of continuous RF treatment for 3
batches, respectively. Similarly, the survival of E. faecium was below detection limit for
all batches. As can be seen from Table 2, the cold spot temperatures for the first, second
and third batch cumin samples after 108, 120 and 127 s continuous RF heating were
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103.6±5.8 ℃, 99.2±0.6 ℃ and 99.6±0.8 ℃, respectively. When the cold spot
temperature of cumin samples reached around 100 ℃ (Table. 2), the population of S.
enterica and E. faecium was under the detection limit (10 CFU/g). This result agreed with
our previous result that the cold spot temperature reached ~100 ℃ and the population of
both bacteria was under the detection limit (Chen et al., 2019).
3.4.3 Quality Analysis
Quality analysis was conducted for both control (untreated) and RF pasteurized samples
(Table 3). Quality of continuously RF pasteurized samples which achieved more than a 5log reduction of S. enterica and E. faecium for all three batches were analyzed. After
continuous RF pasteurization, MC decreased from 10.17±0.14% (w.b) to 8.06±0.62%
(w.b), which was below the safe storage MC (9.0% (w.b)) of cumin seeds (Tainter and
Grenis, 2001). No significant differences were found for color in terms of L*, a* and b*
before and after continuous RF treatment. The color difference △E had a value at 1.34.
At value 1<△E<2, only experienced observer can notice the difference (Mokrzycki and
Tatol, 2011). This means that the color of treated cumin seeds is still acceptable, and the
consumers cannot tell the color difference perceptually. This demonstrates that RF holds
potential for the continuous RF pasteurization of cumin seeds at a larger scale without
significantly deteriorating the color quality.
Antioxidant properties of cumin seeds are associated with a group of compounds
including phenolics. Phenolics are secondary plant metabolites ranging from simple
structures with one aromatic ring to complex polymers such as tannins and lignins
(Moran et al., 1997). In addition to their antioxidant properties, these compounds have
been found to be potential candidates in lowering cardiovascular diseases (Huxley and
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Neil, 2003) and anticarcinogenic activities (Alim et al., 2009), antiallergenic, antiarthrogenic, anti-inflammatory, antimicrobial and antithrombotic effects (Ajila et al.,
2010). Because plant-based extracts with antioxidant properties give beneficial effect to
human health (Gu et al., 2014), cumin extracts can be considered as alternative
antioxidant source with a ⁓13 mg/g total phenolics content. Total phenolics in cumin
were slightly reduced due to RF treatment, however, no significant difference was found
before and after continuous RF treatment (Table. 3). The total phenolics content of cumin
sample determined here was higher than our previously reported result (Chen et al.,
2019). The storage time and various storage conditions could either increase or decrease
the bioactive compounds of spices, herbs and other plants (Abrar et al., 2009,
Ghasemzadeh et al., 2016, Yang et al., 2011).
Figure 3 shows the DPPH radical scavenging activity of control and continuously RF
treated sample. There was an increasing trend of antioxidant activities for both control
and RF pasteurized samples with the increasing extract concentrations. There was no
significant difference for antioxidant activities between control and continuously RF
pasteurized samples (P>0.05). The standard deviation of scavenging activity for
continuously RF pasteurized sample is higher than that of RF treated sample under
stationary condition (Chen et al., 2019). In this study, the electrode gap was chosen at
10.5 cm to achieve higher heating rate and higher heating rate could cause non-uniform
heating (Hou et al., 2014). The non-uniform heating might be another reason for the
variability. Longer treatment time might be the possible reason for higher variability.
Especially for the third batch sample, the scavenging activity reduced by ~76% when
compared to the control sample without continuous RF treatment (data not shown). This
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is possibly due to the longest treatment time (127 s versus 108 and 120 s) of batch 3
among all three batches. Even though the cold spot of samples reached the same
temperature after different treatment time, the third batch sample had a longer holding
time under high temperature (>100 ℃) during the continuous RF heating. The longer
holding time under high temperature could cause more quality loss for the third batch
sample. The average loss of scavenging activity was ~38% and ~13% (Chen et al., 2019)
for all three batches samples under continuous and stationary RF heating, respectively. In
our previous research, the samples were treated under stationary condition for 90, 100
and 106 s for the first, second and third batch sample, respectively (Chen et al., 2019). In
contrast, the three batches of samples were continuously pasteurized for 108, 120 and 127
s, respectively in this study. The much longer processing and holding time under high
temperature of RF continuous pasteurization could cause more quality loss comparing
with the stationary condition.
3.4.4 Volatile compounds
Volatile compounds analysis results indicated that continuous RF pasteurization did not
change the composition of the volatiles in cumin samples. Same volatile compounds’
peaks were detected in control and RF treated cumin samples (Figure 4).
When the percent peak area ratio (the percent ratio of the peak area of each compounds to
the total peak area of all volatile compounds) is considered, overall, no significant
differences (P>0.05) in relative compositions of all volatile compounds were found in
cumin samples before and after continuous RF treatment. However, when individual peak
areas of volatiles were compared, the treated samples of all three batches were
significantly different (P<0.05) from their corresponding control samples.
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The volatile compounds’ peak areas were averaged for all three control batches and for
all three RF-treated batches and shown in Figure 5. As can be seen, concentration of
volatile compounds in cumin samples were significantly decreased after continuous RF
treatment. There was an average ~24 % loss of each volatile compound according to the
absolute peak area before and after treatment. That means most volatile compounds
(~76%) could be retained after continuous RF pasteurization of cumin seeds.

3.5 Conclusions
Batch 1 had a different specific heat capacity values when compared to other two batches
demonstrating that batch 1 sample was quite different from other two batches. Treatment
time should be determined by monitoring the cold spot temperature. It took 108, 120 and
127 s continuous RF heating to achieve pasteurization of the S. enterica and its surrogate
E. faecium for the first, second and third batches of cumin samples, respectively, at the
corresponding belt speeds of 33.2, 29.9 and 28.2 m/h. There were no significant quality
losses in terms of color, total phenolics, antioxidant activity and relative composition of
volatile compounds after continuous RF pasteurization. When analyzing volatile
compounds in their absolute values, there was a significant difference between the
absolute values of volatiles of samples before and after treatment. However, most volatile
compounds (~76%) could be retained after continuous RF pasteurization of cumin seeds.
Comparing with our previous results of stationary RF heating, there were more quality
losses for continuous RF pasteurization due to much longer (20 s longer) processing and
holding time under high temperature. However, the overall quality attributes were still
acceptable after continuous RF pasteurization. This continuous RF microbial validation
study could provide reference and guidance to scale-up RF pasteurization technology to
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an industrial scale. This study shows that RF holds a great potential for the industrial
pasteurization of cumin seeds.
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Figure 3.1. Cold spot temperature profiles of three batches of cumin samples during
continuous RF heating.
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Figure 3.2. Specific heat capacity ((J/(g ℃)) for three batches of cumin samples.
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Figure 3.3. Antioxidant activities of control and continuously RF pasteurized cumin
seeds.
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Figure 3.4. GC chromatograms of cumin volatile compounds for batch 2 before and
after continuous RF pasteurization.
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Figure 3.5. Comparison of volatile compounds content of control and RF treated
cumin samples.
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Table 3.1. Product characteristics and operational parameters of cumin samples
subjected to continuous RF pasteurization.
Batch

MC

aw

(%)

Belt speed

Total

(m/h)

treatment time
(s)

1

10.11±0.22 a

0.6553±0.0019 a

33.2

108

2

10.22±0.12 a

0.7436±0.0026 b

29.9

120

3

10.19±0.05 a

0.7378±0.0007 b

28.2

127

Mean ± standard deviation from three replications. Values followed by same letters within a row are not significantly different
(P >0.05).
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Table 3.2. Log reductions of S. enterica and E. faecium in three batches of cumin
samples under continuous RF pasteurization.
Batch

Microorganism

Treatment time

Cold-spot

Log

(s)

temperature

reductions

(℃)
1

Salmonella

108

103.6±5.8

E. faecium

2

Salmonella

>6.14±0.09
120

99.2±0.6

E. faecium

3

Salmonella

E. faecium

>5.65±0.07

>5.45±0.18
>6.35±0.05

127

99.6±0.8

>5.52±0.02
>6.52±0.01

Note: The microbial population of S. enterica and E. faecium was under the detection limit after continuous RF
pasteurization.
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Table 3.3. Moisture content, color and total phenolics of control and continuously
RF pasteurized samples
Quality
Moisture content (MC) (%)
Color (L*)
Color (a*)
Color (b*)
Color difference (△E)
Total phenolics (mg/g)

Control
10.17±0.14 a
53.14±0.29 a
6.15±1.03 a
16.73±1.54 a
0
13.61±1.69 a

RF pasteurized
8.06±0.62b
53.39±0.54 a
6.03±1.20 a
18.03±0.33 a
1.34
11.09±2.20 a

Mean ± standard deviation from three replications. Values followed by same letters within a row are not significantly different
(P >0.05).
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4.1 Abstract
Drying characteristics of combined radio frequency (RF) and hot-air (HA) were
investigated for inshell hazelnuts (Corylus avellana L.), which has air-gap between
kernel and shell (shell, kernel, and air-gap between them). Inshells were subjected to HA,
HA followed by RF (HAFRF), RF followed by HA (RFHA), and HA assisted RF
(HARF) drying (simultaneous process). Fiber optic sensors were connected to shell and
kernel located at the center, edge, and corner of the tray for monitoring temperature
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profiles under 6-kW 27.12-MHz RF system with or without HA (~75 ˚C). RF heating
resulted in higher kernel temperature than shell and was effective to remove kernel
moisture. RF heating was not effective to induce inshell moisture loss when it was
applied after HA drying. When RF heating was applied during or before HA drying,
energy efficiency, drying efficacy, and nut quality could be enhanced. This study
provided a better understanding of drying characteristics of combined RF and HA process
and suggested efficient RF-implemented drying strategy for inshell hazelnuts.

Keywords: radio frequency drying, hot-air drying, inshell hazelnuts, temperature profile,
drying efficacy.
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4.2 Introduction
The United States produced an average of 37,277,000 kg of hazelnuts (Corylus avellana
L.) annually during 2016 to 2018. About 46 % of U.S. hazelnuts (17,147,000 kg) were
exported abroad (Jefferis, 2019). The state of Oregon produces 99 % of the total US
hazelnut (Wang et al., 2018a) and expanded acreage from 29,000 acres to 85,000 acres
over the past decade for fulfilling the global demand for premium quality of hazelnuts
(Jefferis, 2019). Hazelnuts are rich in fat and protein along with high content of vitamin E
and phenolic compounds (Köksal et al., 2006). Moisture content (MC) of freshly
harvested hazelnuts is usually higher than safe storage levels (i.e. <10 % (wet basis) for
inshells and < 6 % (wet basis)) for kernels (USDA, 2016). Therefore, the postharvest
drying process is essential to ensure food safety and quality of hazelnuts during long-term
storage.
The convective drying with a slow stream of warm air (40-45 °C) has been commonly
used by hazelnut industry for drying inshell hazelnuts (Giraudo et al., 2018). The
influence of convective drying conditions on the quality of hazelnuts (Wang et al., 2018a,
Turan, 2018) and the kinetic modeling (Wang et al., 2018b) were studied for different
cultivars produced in Oregon recently. However, there are several disadvantages in using
the convective hot-air (HA) drying. First, it took hours to days (depending on the initial
MC of nuts) to achieve the safe storage MC of inshell nuts. Second, due to the bulky
structure with air-gap between shell and kernel, moisture vapor from kernels could be
accumulated in air-gap and pressurize shells to induce significant shell cracks (Wang et
al., 2018b). The cracked shells are more susceptible to microbial contamination and lipid
oxidation during storage. Third, the HA drying is not effective to transfer heat from shells
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to kernels due to the presence of air between the shell and kernel, resulting in different
drying rates between shell and kernel, which in turn makes it difficult to reach the safe
MC level of kernel although shell is already dried (Wang et al., 2018a, Wang et al.,
2018b). In addition, it was observed that drying rate of inshell nuts was initially (< 5 h)
high, but gradually decreased after MC of inshells reached ~14 % (wet basis) during HA
drying (Wang et al., 2018b). Hence, it is necessary to identify and develop more efficient
drying technologies for inshell hazelnuts to retain quality and improve storability.
Radio frequency (RF) heating has been considered as a novel thermal treatment with high
efficiency and high penetration depth (Wang et al., 2015a, Chen et al., 2016, Boreddy et
al., 2016, Ling et al., 2019, Ozturk et al., 2020). It has been widely applied for
agricultural products with different purposes, such as thawing (Bedane et al., 2017,
Erdogdu et al., 2017), pasteurization (Chen et al., 2019a, Chen et al., 2019b, Li et al.,
2017, Lau et al., 2017, Liu et al., 2018, Wei et al., 2018, Wei et al., 2019, Lin et al.,
2019), disinfestation (Chen et al., 2015, Huang et al., 2015), and drying (Wang et al.,
2013, Zhang et al., 2016, Wang et al., 2014a, Wang et al., 2014b, Zhou and Wang, 2019).
For tree nuts, such as inshell macadamia and walnuts, HA-assisted RF (HARF) drying
has been applied for the purpose of pasteurization or drying (Wang et al., 2013, Zhang et
al., 2016, Wang et al., 2014a, Wang et al., 2014b, Zhang et al., 2019). For overcoming
the issues of HA drying mentioned above, RF could be considered as an alternative
drying technology for hazelnuts due to its high volumetric heating efficiency and high
penetration depth.
The goal of this study was to understand RF heating characteristics for inshell hazelnuts
and to identify an efficient drying strategy comparing with convective HA drying.
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Specific objectives were to 1) investigate shell and kernel temperature profiles of inshell
nuts by RF alone, RF followed by HA (RFHA), and HA assisted RF (HARF)
(simultaneous process) ; 2) compare the drying efficacies and nut quality (lipid oxidation
and cracking ratios) among HA, HA followed by RF (HAFRF), RFHA, and HARF for
hazelnut inshells; and 3) identify strategies to obtain high drying efficiency and retain nut
quality. Information generated from this study can be used for developing efficient RFbased drying process.

4.3 Material & methods
4.3.1 Materials
Fresh ‘Barcelona’ cultivar inshell hazelnuts (Corylus avellana L.) were provided by the
Oregon Hazelnut Market Board. Nuts were stored at refrigerated temperature (4 °C) till
usage. The p-anisidine was obtained from Sigma Chemical Co. (St. Louis, MO, USA);
hexane was from J.T. Baker Chemical Co. (Phillipsburg, NJ, USA), and acetic acid was
from Fisher Scientific (Pittsburgh, PA, USA). All chemicals were reagent grade.
4.3.2 Measurement of moisture content of nuts
Moisture content (MC) of inshell, shell, and kernel was measured using the oven drying
method at 105 °C for 24 h in a 1.20 kW hot-air oven (FED 53-ULE2, BINDER Ovens,
Germany). Ten randomly selected inshells were collected and their MC was measured. In
addition, another 10 randomly selected nuts were separated into shells and kernels, and
measured for absolute MCs of shells and kernels, respectively, using the same methods
on inshells. The absolute MCs of inshells, shells, and kernels were 20.6 ± 0.5 %, 22.0 ±
0.7 %, and 18.0 ± 0.3 % (wet basis), respectively. For understanding the change of drying
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ratios of shells and kernels in whole inshells during drying process, relative MCs of shells
and kernels were calculated based upon their weight ratios in whole inshells. It revealed
that relative MCs of fresh shells and kernels were 12.7 ± 0.3 % and 7.6 ± 0.01% (wet
basis), respectively. The relative MCs of kernel and shell and their relationship with the
absolute MC of inshell were presented by the following equations:
MCrkernel (%)= 100*Wkernel/Minshell

(1)

MCrshell (%)= 100*Wshell/Minshell

(2)

MCainshell (%)= MCrkernel (%) + MCrshell (%)

(3)

Where MCrkernel, MCrshell and MCainshell are relative MCs of kernel and shell and
absolute MC of inshell, respectively, Wkernel and Wshell is total mass of water in kernel and
shell obtained from 10 inshell nuts, respectively, and Minshell is the total mass of ten
randomly selected inshell nuts. In this manuscript, unless otherwise stated explicitly, all
moisture content refers to relative moisture contents.
4.3.3 RF drying
RF drying of inshell hazelnuts was conducted in a 6-kW, 27.12-MHz pilot-scale parallelplate free running oscillating RF system (Model SO-6B, Monga Strayfield Pvt. Ltd.,
Pune, India) (Fig. 2). The electrode gap was adjustable by moving the top electrode,
which could control the output power and heating rate. The electrode gap was selected at
17.5 and 19.5 cm based on preliminary experiments considering heating rate and
temperature for controlling lipid oxidation. A single-layer inshell nuts were put on the
bottom of a laminated paper tray (L×W×H：16.5 cm × 13 cm × 4 cm) placed at the
center of the bottom electrode and subjected to RF heating for various times (5, 10, 15,
20, 25 and 30 min) in the RF cavity. The temperatures of shell and kernel (Fig. 1[A]) at
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three representative locations (corner, center, and edge) (Fig. 1[B]) were monitored for
30 min using fiber optic sensors (Neoptix, Inc., Quebec City, Quebec, Canada) that had
an accuracy of 0.6 °C. MC of inshell hazelnuts and relative MCs of shells and kernels
were monitored every 5 min for 30 min. Two replications were done for both temperature
profile and MC measurements.
4.3.4 Evaluation of drying strategies with different combinations of RF and HA
For developing an efficient combined RF and hot-air drying strategy for inshell
hazelnuts, RF heating was implemented in three different ways in this study as follows:
HA followed by RF (HAFRF), RF followed by HA (RFHA), and simultaneous HA and
RF, which is called as HA-assisted RF (HARF). Hence, the heating characteristics and
drying efficacies were compared among RFHA, HARF, HAFRF, and HA drying only.
Drying efficacies were evaluated by comparing the moisture loss (%) at each step among
different drying strategies. Moisture loss (%) at step 1 was calculated by subtracting MC
of dried whole inshells after step 1 from initial moisture content and multiplied by 100.
Moisture loss (%) at step 2 was calculated by subtracting MC of dried whole inshells
after step 2 from MC of dried whole inshell after step 1 and multiplied by 100. These
different heating strategies were investigated to maximize the overall energy efficiency
and minimize drying time for inshell hazelnuts.
RFHA drying. A 10-min RF drying was able to reduce MC of hazelnut kernel from
7.6 % to ~7 % (wet basis), which was very close to the safe storage MC (6 %) of hazelnut
kernels (USDA, 2016). Hence, 10 min RF heating time was selected to prevent the
excessive reduction of kernels’ MC. A single-layer hazelnut samples were first subjected
to 10 min RF drying at an electrode gap of 17.5 cm or 19.5 cm, followed by hot-air
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drying at different temperatures (50, 60 and 70 ℃) until the MC of inshell nuts reached
~10 % (wet basis).
HARF drying. Hot air at 75 ℃ generated by two 1.5 kW digital fan forced heaters
(HHF370B, Honeywell, Charlotte, NC, USA) (Fig. 2) was simultaneously applied during
RF heating at 17.5 or 19.5 cm electrode gap for 10 min. RF system was then turned off
and HA drying was continued till MC of inshell nuts reached ~10 % (wet basis). The
temperature profiles of hazelnut shell and kernel at three representative locations were
measured by the fiber optic sensors for both drying processes. MC of inshell nuts and
relative MC of kernels were also measured for each electrode gap with two replications.
HAFRF drying. The hazelnut samples were first dried by HA (50 ℃) until MC of
inshells reached ~14 % (wet basis), when the drying rate of inshells became slower as
observed from our previous study (Wang et al., 2018b), and then dried by RF heating at
an electrode gap of 17.5 cm for 20 min. MC of inshell and relative MC of kernels were
measured using the same methods as described above.
HA drying. The hazelnut samples were dried by HA at 50, 60 and 70 ℃ using the
HA drying oven (FED 53-ULE2, BINDER Ovens, Germany) for 90, 120, and 180 min,
respectively. After drying, the MCs of hazelnut kernels and shells were measured as
mentioned above.
4.3.5 Quality analysis
4.3.5.1 Shell cracking ratio
Immediately after implementing various dryings, each individual nut was visually
checked for shell cracking. Cracking ratio was determined by the number of cracked
hazelnuts divided by the total number of dried nuts.
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4.3.5.2 p-anisidine value
Due to the possibility of higher lipid oxidation from high RF heating temperature than
convective HA drying only, p-anisidine evaluating the secondary oxidation products was
measured for comparing lipid oxidation among dried nuts (British Standard Method,
1998). The p-anisidine measures a more extensive range of non-volatile compounds and
more advanced secondary hydroperoxides in comparison with determining thiobarbituric
acid reactive substances (TBARS) values (Yaacoub et al., 2008). For sample extraction, 2
g of sample was mixed with 8 mL of hexane for 1 h and filtered by Whatman #4 filter
paper. For the control, 1 mL of sample was mixed with 5 mL hexane in a centrifuge tube.
For the treatment, 1 mL of 0.25 % p-anisidine in acetic acid was mixed with 5 mL of
sample solution in the centrifuge tube. Both control and treatment sample tubes were
stored for 10 min in the darkness at room temperature and measured at 350 nm
absorbance using a UV-1800 Shimadzu spectrophotometer (Shimadzu Corp., Kyoto,
Japan). The spectrophotometric reading was zeroed against the blank using 0.5 mL of
sample with 25 mL of hexane. The p-anisidine value (AV) was calculated as: AV=25 x
(1.2 x Abs2-Abs1)/m, where Abs2 is the absorbance of the sample; Abs1 is the absorbance
of the control; and m is the amount of sample used in the test (g).
4.3.6 Experimental design and statistical analysis
Completely randomized design (CRD) was applied for investigating drying
characteristics and cracking ratios of inshells and quality attributes (moisture content,
cracking ratio, and lipid oxidation) of kernels from different drying conditions (RFHA,
HARF, HAFRF, and HA drying only). The one-way analysis of variance (ANOVA) was
conducted to evaluate the significant difference of target quality properties of dried
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kernels. The multiple comparison post-hoc least significant difference test (LSD) was
used to examine the difference among different drying conditions at P < 0.05. ANOVA
and LSD were performed using Minitab 18 software (Minitab Inc., State College, PA,
USA). All measurements were conducted duplicate.

4.4 Results and Discussion
4.4.1 RF heating characteristics on shell and kernel of whole inshell
Inshell hazelnuts have a unique structure with an air-gap between shell and kernel. For
understanding the heating characteristics of each part of hazelnuts (shells and kernel)
during RF heating, the temperature profiles of both kernels and shells at three different
locations of the tray (center, corner, and edge) under two different electrode gaps (17.5
cm and 19.5 cm, respectivley) were measured, as illustrated in Fig. 1. Fig. 3 shows the
temperature profiles of both kernels and shells during RF heating. It was observed that
temperatures of both kernels and shells were tended to be stable after 10 min of RF
heating at corner and edge of the tray. It took relatively longer (20 min) for both kernels
and shells at center of the tray to reach the stable temperature. Regardless of location of
the tray, temperature was stable after the certain time, which might be because the heat
generated from RF energy was balanced by heat loss from water evaporation and
interaction with the environment. The similar phenomena were also found in RF drying
of walnuts, inshell almonds, and macadamia nuts (Zhang et al., 2016, Gao et al., 2011,
Wang et al. 2014a, b).
Regardless of the electrode gap distances and locations of the tray, it was observed that
kernel temperatures were higher than shell temperatures during RF heating (Fig. 3). This
could be due to different chemical compositions, dielectric properties, and thermal
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properties between shells and kernels. Our previous study reported different chemical
compositions between shells and kernels, in which shells contain ~80 % carbohydrates,
whereas kernels consist of ~60 % fat, ~10 % proteins, and ~16 % carbohydrates (Wang et
al., 2018b).
Overall, there was a trend that the shell and kernel temperatures were higher at the corner
[B] and edge [C] than at the center [A] (Fig. 3), probably due to the concentrated electric
field at corner and edge of the container as reported in the literatures (Chen et al., 2016,
Chen et al., 2019a, Huang et al., 2015, Wang et al., 2015a b). The shell and kernel
temperatures under 17.5 cm electrode gap were higher than those under 19.5 cm
electrode gap at all three locations. This was because the decreasing electrode gap will
increase electric field intensity in treated products and will increase RF heating rate (Jiao
et al., 2014, Hou et al., 2014, and Li et al., 2017).
MC changes of inshells and kernels during RF heating (30 min) under two different RF
electrode gaps were reported in Fig. 4. MCs of inshells and kernels gradually decreased
along with increased RF heating time under both electrode gaps. After 30 min RF drying,
MCs of inshells and kernels reduced from 20.6 % and 7.6 % to 13.7 % and 6.0 %,
respectively, for 17.5 cm electrode gap, and to 15.6 % and 6.4 %, respectively, for 19.5
cm electrode gap. This result was consistent with the temperature profiles under 17.5 and
19.5 cm RF electrode gaps as shown in Fig. 3. The higher temperature under 17.5 cm
electrode gap removed more moisture than under 19.5 cm electrode gap. MC of hazelnut
kernels was reduced to ~7 % after 10 min RF heating under both electrode gaps. While
the safe moisture content is 6 %, 10-min of RF heating was chosen to reduce the MC to
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~7 %. Further moisture reduction occurred during cooling of inshell nuts or the
following hot air drying and therefore the RF heating was stopped at 10 minutes.
4.4.2 RFHA versus HARF drying
Fig. 5 presents the temperature profiles of hazelnut kernels and shells during two
different drying processes: RFHA and HARF at three different locations (center [A],
corner [B], and edge [C]) under the electrode gap of 17.5 cm. For RFHA drying (RF
heating for 10 min, followed by 40 min HA drying at 75 ℃ without RF), the kernel
temperature was always higher than shell temperature during the first 10 min. After 10
min RF heating, the shell temperature overtook the kernel temperature and maintained
stable around 60 ℃. Based on the temperature profile of kernels showing higher
temeprature during the first 10 min of RF heating than shells, it was found that RF
heating played a major role in removing kernel moisture. The first RF heating could help
release moisture vapor through shells before the biological structure of shells had the
shrinkage by HA drying first or only (Pankaew et al., 2016). Our previous study showed
that convective forced-air drying could induce the safe level of MC for inshells, but
higher MC of kernels (> 6 %, wet basis) due to the poor convective heat transfer between
shell and kernel (Wang et al., 2018a). Without initial HA drying, it was expected to
minimize the structural shrinkage of shells at the beginning of drying, thus allowing
shells to release moisture vapor from kernels and reach the safe level of MC for both
inshells and kernels.
For HARF drying, the shell temperatures at all three locations were higher (~40 C) than
those of kernel temperatures (~25 C) because of the initial HA heating (Fig 5). However,
the kernel temperature overtook the shell temperature within the first 10 min of HARF
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drying. It took ~10 min RF heating for hazelnut kernel temperature to overtake the shell
temperature at the center (cold spot) of the container (Fig 5A) (Huang et al., 2015). Only
5 min RF heating was able to elevate the kernel temperature over the shell temperature at
the corner (Fig 5B) because corner and edge parts were the hot spots in RF heating (Chen
et al., 2019a, Huang et al., 2015, Wang et al., 2015a b). While it also took ~10 min for the
kernel temperature to overtake the shell temperature for the hazelnut located at the edge,
this was because the HA heating source was close to the hazelnuts at the edge of the tray.
For the first 10 min, HARF drying was able to increase hazelnut kernel and shell
temperature above 80 ℃, while RFHA drying could only achieve around 60 ℃. The
higher temperature for HARF could be due to the simultaneous heating from HA and RF,
while RFHA was only from RF heating. The hazelnut inshells (both kernel and shell)
temperatures were stable around 60 ℃ during the following HA heating for both RFHA
and HARF drying. During HA drying process after RF heating, hazelnut shells always
showed higher temperature than kernels in both HARF and RFHA drying. This could
support that RFHA and HARF drying could accelerate moisture vapor transfer to shells
and evaporate shell moisture. RF heating directly associated with dielectric properties of
materials and the heating is volumetric (Marra et al., 2009, Jiao et al., 2018), while the
HA heating transferred the heat from the external to the center of the sample requiring
longer come-up time to achieve the target temperature in the center of material (Marra et
al., 2009, Jiao et al., 2018). With a combination of RF and HA heating characteristics,
therefore, effective drying could be achieved for inshell hazelnuts with the air-gap
structure.

112

Fig. 6 shows the comparison of temperature profiles among different locations in the tray
for hazelnut kernels and shells during HARF drying under the electrode gap of 19.5 cm.
Again, the corner and edge of the tray were hot spots and the center was the cold spot for
both kernel and shell during the 10 min HARF drying. The temperatures of kernels and
shells at all locations except for the shell at the edge remained ~60 ℃ for the remaining
40 min under 75 ℃ HA drying. Because the hazelnut at edge part of the tray was close to
the 75 ℃ HA fan (heat source), the shell temperature at edge (70 ℃) was higher than
those located at corner and center (60 ℃).
4.4.3 Energy efficiency of RF
Comparison of moisture loss (%) among different drying strategies and processing
conditions is shown in Fig. 7. The drying efficacy of HAFRF was the lowest with the
longest (105 min) drying time and lowest moisture loss comparing with the other two
drying strategies. And the second step RF drying efficacy was very low with little
moisture loss. This might be due to the first step HA drying, which reduced the most MC
of hazelnuts making the dielectric properties smaller than before. Thus, it was hard to
convert RF energy to thermal energy because of smaller dielectric properties. It could be
also assumed that HA drying could occur shell shrinkage (Pankaew et al., 2016), which
was difficult to release moisture vapor generated from kernel by RF heating. By
considering the time used (50 min for HARF vs. 60 min for RFHA) and HA temperature
(75 °C for HARF vs. 60 °C RFHA) with the same HA drying time of 50 min, therefore,
HARF could be the highest efficacy of drying method and RFHA reduce energy
consumption, respectively.
4.4.4 Quality analysis
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Table 1 summarizes the quality attributes of hazelnut inshells and kernels under different
drying conditions. Among these quality values, drying time, cracking ratio, and anisidine
value aimed to be lower, and moisture content of kernels targeted around 6 %. It took
180, 120, and 90 min HA drying at 50, 60 and 70 °C, respectively to reach ~10 % MC of
hazelnut inshells. Even though the MC of inshells reached ~10 %, the MC of kernels was
8.74 % (above safe storage MC: 6 %) for 50 °C HA drying. Also for 60 and 70 °C HA
drying, the MCs of kernels were higher (not significantly) than other drying conditions.
This result indicates that HA is for removing shell moisture and is not effective in
reducing the kernel moisture to the safe moisture content. The cracking ratios and
anisidine values of dried hazelnuts under 60 and 70 °C HA drying were significantly (P<
0.05) higher than other drying conditions. For HAFRF drying, it took 105 min to reach
~10 % MC of hazelnut inshells. Although the MC of kernel was 5.74 % (< 6 %), The
cracking ratio and anisidine value were significantly (P< 0.05) higher than other drying
conditions. For HARF drying, it took 50 and 60 min to achieve ~10 % MC of hazelnut
inshells under 17.5 and 19.5 cm electrode gaps, respectively. The cracking ratios and
anisidine values were reasonable for HARF drying comparing with other drying methods.
RF (either at 17.5 cm or 19.5 electrode gap) followed by 60 °C HA drying was the best
drying conditions for RFHA drying considering the MCs of inshells and kernels, cracking
ratios, and anisidine values. RF (17.5 cm electrode gap) followed by 60 °C HA drying
took 20 min less than that of RF (19.5 cm electrode gap) followed by 60 °C HA drying to
reach ~10 % MC of hazelnut inshells. When compared to HA drying (50 °C for 180
minutes) in this study, the drying time is reduced by more than half (90 or 70 min for
RFHA and 50 or 60 min for HARF). For RFHA drying, the higher the HA temperature,
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the higher the cracking ratios. The possible reason for this might be the high temperature
of HA and the remaining heat from RF heating forced the water vapor to the internal airgap of the hazelnut inshells, thus increasing the internal pressure of hazelnut inshells and
causing the cracking.
This study demonstrates that the volumetric heating of RF treatment can overcome the
poor heat conduction of air-gap between kernel and shell. While volumetric RF heating
has a major effect on drying hazelnut kernels, it should be followed by HA or
simultanoutly applied with HA for accelerating kernel moisture transfer to shell and
evaporating shell moisture. RFHA drying with relatively lower temperature of shell and
kernel might be a better drying method for hazelnut with reduced lipid oxidation. While
HARF achieved higher temperature of shells and kernels and better heating uniformity
might be suitable for pasteurization of hazelnut within a short time for maintaining
quality.

4.5 Conclusions
RF was able to heat internal kernels faster than the outside shells. The temperature of
hazelnut kernels was always higher than that of hazelnut shells during the first 10 min in
both HARF and RFHA drying due to different chemical compositions, dielectric
properties, and thermal properties of hazelnut shells and kernels. RF heating could
effectively remove kernel moisture before shell was dried and structure altered.
Traditional hot air can heat the outside shells faster than the internal kernels. By
combining RF with HA by either applying simulatneously or applying one after another,
the drying efficiency can be imporved by reducing the drying time by at least half. The
quality attributes (lipid oxidation and cracking ratio) of dried inshell hazelnuts by HARF
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and RFHA drying were significantly better than HAFRF and high-temperature HA (>=60
°C). This study provided a better understanding of the heating characteristics of RF
combined HA on inshell hazelnuts. Generated informaiton will help develop an efficient
combined RF and HA drying protocol for inshell hazelnuts.
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[A]

[B]
Figure 4.1. Fiber optic sensor locations for monitoring the temperatures of each
part (kernel and shell) of hazelnut [A] and demonstration of the tray and three
representative locations for temperature monitoring inside the tray [B].
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Figure 4.2. Hot air assisted RF (HARF) drying system with two 1.5 kW digital fan
forced heaters generating 75 ℃ hot air (the direction of airflow is outside in,
meaning that air is blown on the tray from both tubes).
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Figure 4.3. Temperature profiles of hazelnut kernels and shells during radio
frequency (RF) heating at different locations of tray (center [A], corner [B], or edge
[C]) under 17.5 and 19.5 cm electrode gaps; Temperature was monitored for kernels
and shells, respectively.
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Figure 4.4. Moisture content (MC) changes of hazelnut inshells and kernels during
radio frequency (RF) drying under two different RF electrode gaps (17.5 cm [A] and
19.5 cm [B]).
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Figure 4.5. Comparison of temperature profiles between hot-air assisted radio
freqency (HARF) drying and RFHA for hazelnut inshells at different locations of
trays (center [A], corner [B], or edge [C]); HA temperature was ~75 °C; RF
electrode gap distance was 17.5 cm; Temperature was monitored for kernels and
shells, respectively; RF system was turned off at 10 min (red vertical line) for both
HARF drying and RF then HA drying.
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Figure 4.6. Comparison of temperature profiles among different locations of the
tray for hazelnut kernels and shells during hot-air assisted radio frequency (HARF)
drying; HA temperature was ~75 °C; RF electrode gap distance was 19.5 cm;
Temperature was monitored for kernels and shells, respectively; RF system was off
after 10 min (red vertical line).
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Figure 4.7. Comparison of moisture loss (%) of whole inshells among different
drying strategies and processing conditions.
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Table 4.1. Target quality properties (moisture content, cracking ratio, and anisidine value) of hazelnut inshells or kernels
depending on drying strategies and condition
Drying strategies
Drying conditions
Target quality properties
Moisture
Anisidine
HA temperature RF electrode
Drying time
Cracking ratio
content
(%)
of
value of
(°C)
gap (cm)
(min)**
(%)++
+
kernels
kernels++
*
a***
50
180
8.7±1.5
6.1
1.52±0.04 cde
HA
60
120
6.4±0.1 b
13.4
2.00±0.4 ab
b
70
90
6.7±0.5
11.4
2.09±0.3 a
HAFRF
50
17.5
105
5.7±0.3 b
10.7
2.05±0.22 a
75
17.5
50
6.1±0.8 b
5.8
1.83±0.07 abcd
HARF
b
75
19.5
60
6.2±0.7
6.9
1.57±0.05 bcde
50
17.5
130
5.4±0.4 b
4.7
2.02±0.36 a
b
60
17.5
70
6.4±1.4
8.2
1.41±0.09 de
70
17.5
60
6.9±0.3 b
9.7
1.35±0.00 e
b
RFHA
50
19.5
115
6.0±0.1
10.2
1.95±0.16 abc
60
19.5
90
6.3±0.6 b
6.0
1.49±0.06 de
70
19.5
60
6.6±0.4 b
13.7
1.39±0.24 e
*
Non-applicable
**
Drying process was terminated when moisture content of inshells reached ~10%.
***
Within each column, values with the same superscript letter did not differ significantly from each other according to the Fisher
LSD test (P < 0.05).
+
Dried kernels were aimed to reach about 6% of relative MC.
++
Both quality properties were aimed to be lower values for retaining quality of kernels during the storage.
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5.1 Abstract
Thermal inactivation kinetics (D and z values) of Salmonella and Enterococcus faecium
in fresh hazelnut shell and kernel were determined. Aluminum pouches containing either
1.5 g ground hazelnut shell or 2 g of ground kernel inoculated with either bacteria at their
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original water activities (aw-shell=0.9122±0.0008, aw-kernel=0.9246±0.0024) were
isothermally treated in a thermal death time (TDT) sandwich at 55, 60, 65, 70 and 75 ℃
for determining D values. A single layer inshell hazelnuts with one inoculated nut located
at the center (cold spot) of a tray was subjected to hot air assisted radio frequency
(HARF) heating in a 6-kW 27.12-MHz RF system with hot air temperature at ~75 ˚C for
10, 15 and 20 min. The log-linear model fit survival data of both Salmonella and E.
faecium in hazelnut shell and kernel well. The D-values of both bacteria in hazelnut
kernel were higher than those in hazelnut shell. This might be due to the protection effect
of oil (fat) in hazelnut kernel. Higher D-values of E. faecium demonstrated that it is a
suitable surrogate for Salmonella in both hazelnut shell and kernel. There was a large
variation between predicted (based on F-value model) and experimental log reductions of
Salmonella. Only 0.99±0.14 log reduction of Salmonella was achieved in inshell hazelnut
after 20 min of HARF heating. Because the RF pasteurization is a simultaneous drying
process, the F-value model could not give an accurate and reliable lethality prediction due
to the increasing thermal resistance of Salmonella with the decreasing moisture content.
Around one log increase in Salmonella inactivation was achieved after spraying 0.1%
buffered peptone water (BPW) on inshell hazelnuts for the same RF treatment condition.
While the water activity of the ground shell was 0.9122±0.0008, the water activity of top
surface layer of the shell where bacteria was inoculated for the RF treatment was
0.1744±0.0144. This very dry shell surface was the major factor for the deviation of Fvalue prediction from the observed microbial reduction in this RF microbial study. The
dry shell surface creates a challenge for thermal inactivation of pathogens on inshell
hazelnuts and other nuts with the similar shell structure. An efficient RF pasteurization
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protocol for inshell hazelnuts needs to be developed and optimized by combining surface
disinfectants/salt solution and RF process conditions to enhance microbial food safety
and quality of hazelnuts. This study provides valuable information and direction to the
hazelnut industry for improving safety and quality of hazelnuts.
Keywords: Salmonella, E. faecium, thermal lethality, radiofrequency, D and z values,
surrogate.
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5.2 Introduction
The U.S. is a major producer of hazelnuts (Corylus avellana L.). An average of
37,277,000 kg of hazelnuts (Corylus avellana L.) was produced in the United States
annually during 2016 to 2018. About 46 % of U.S. hazelnuts (17,147,000 kg) were
exported (Jefferis, 2019). Hazelnuts are rich in fat and protein along with high content of
vitamin E and phenolic compounds (Köksal et al., 2006). The microbial food safety of
nuts has become a public health concern due to recent foodborne pathogen outbreaks.
Most of the documented outbreaks in the nut industry are related to Salmonella (Salazar,
2015, Jeong et al., 2019). Several serotypes of Salmonella, including Montevideo,
Newport, and Senftenberg outbreaks associated with pistachio resulted in infection of 11
people from nine states in U.S. and two hospitalizations (CDC, 2016). In addition,
outbreaks of foodborne salmonellosis have caused recalls of pistachio products in 2009
and 2013 (Jeong et al., 2019). A total of 43 individuals from 5 U.S. states in 2011
infected with the outbreak strain of Salmonella Enteritidis linked to Turkish pine nuts
was reported (CDC, 2011b). Salmonella Enteritidis PT 30 outbreaks associated with raw
almonds occurred in U.S. and Canada in 2000-2001 and 2004 (Li et al., 2017). An E. coli
outbreak related to inshell hazelnuts in the U.S. was reported in 2011 and eight persons
from Michigan, Minnesota and Wisconsin infected with the outbreak strain of E. coli
serotype O157:H7 (CDC, 2011a). Therefore, it is necessary and urgent to develop an
efficient intervention technology for controlling and inactivating foodborne pathogens in
hazelnuts.
Radio-frequency (RF) heating has been used successfully to pasteurize various lowmoisture foods, such as wheat flour (Liu et al., 2018a, Xu et al., 2020), corn flour (Ozturk
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et al., 2020), almonds (Li et al., 2017), pistachios (Jeong et al., 2019), walnuts (Zhang et
al., 2019), spices (Jeong and Kang, 2014, Kim et al., 2012, Choi et al., 2018, Hu et al.,
2018, Wei et al., 2018, Wei et al., 2019, Chen et al., 2019, Chen et al., 2020a), infant
formula milk (Lin et al., 2020), and soy protein powder (Jin et al., 2020). Li et al. (2017)
reported that 1.5 min of RF heating at the electrode gap of 10.5 cm achieved 5-log
reductions of E. coli ATCC 25922 in washed inshell almonds. The inshell walnuts were
subjected to a RF pre-heating under an electrode gap of 16.0 cm, followed by drying for
40 min at an electrode gap of 19.0 cm and this RF treatment process generated a more
than 4-log reduction of Staphylococcus aureus (Zhang et al., 2019). Four log reductions
were achieved for S. enterica in pistachios after 40 s of RF heating (Jeong et al., 2019).
However, no systematic study has been done and reported on the microbial validation of
RF pasteurization for inshell hazelnuts. Because pathogen Salmonella cannot be used in
food processing plants for microbial validation studies, a non-pathogenic bacterium with
similar or higher thermal resistance needs to be identified as a Salmonella surrogate.
Non-pathogenic bacterium Enterococcus faecium NRRL B2354 has been used as a
Salmonella surrogate in many studies (Liu et al., 2018a, Chen et al., 2019, Xu et al.,
2020, Ozturk et al., 2020, Wei et al., 2018, Wei et al., 2019).
The objectives of this study were to: 1) determine thermal inactivation kinetics of
Salmonella and E. faecium in fresh hazelnut shell and kernel, 2) evaluate the suitability of
E. faecium as a surrogate for Salmonella based on their thermal inactivation kinetics, and
3) validate the RF pasteurization of fresh inshell hazelnuts by performing microbial
challenge study using Salmonella.

5.3 Materials and methods
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5.3.1. Materials
Fresh ‘Barcelona’ cultivar inshell hazelnuts (Corylus avellana L.) were provided by the
Oregon Hazelnut Market Board. Nuts were stored under refrigeration (4 °C) until use.
The inshell hazelnuts were cracked manually into kernels and shells for further
isothermal experiments. Moisture content (MC) of inshell, shell, and kernel was
measured using the oven drying method at 105 °C for 24 h in a 1.20 kW hot-air oven
(FED 53-ULE2, BINDER Ovens, Germany). Ten randomly selected inshell hazelnuts
were collected and their MC was measured. In addition, another 10 randomly selected
nuts were separated into shells and kernels for measuring MCs of shells and kernels,
respectively. Original water activities (aw) of fresh shell powder and ground kernel were
measured using a dew point water activity meter (Aqualab Series 4TE, Decagon Devices
Inc., Pullman, WA, USA) at 25 °C. Only samples within ± 0.02 of the original aw were
subjected to further treatments (Chen et al., 2019). Enumeration of background
microflora was obtained from 3 randomly selected inshell hazelnuts by diluting them in
10 mL of 0.1% buffered peptone water, plating on trypticase soy agar (BD Diagnostics,
Sparks, MD) and incubating for 48±2 h at 37 °C. As expected, the background microflora
of kernel was low (below the detection limit), while that of outside shell was high at
4.32±0.64 log (CFU/nut).
Salmonella Agona 447967, Salmonella Reading Moff 180418, Salmonella Tennessee
K4643, Salmonella Montevideo 488275 and Salmonella Mbandaka 698538 were selected
due to their association with foodborne illness outbreaks in nuts and low-moisture foods
(Wei et al., 2018, Chen et al., 2019, Chen et al., 2020a). Non-pathogenic bacteria
Enterococcus faecium NRRL B2354 was evaluated as a process surrogate for Salmonella.
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The details for all the microorganisms used in this study could be found in Chen et al.
(2019, 2020a). All bacterial cultures maintenance protocols were followed as previously
described (Chen et al., 2019, Chen et al., 2020a).
Buffered peptone water (BPW), Tryptic soy agar (TSA), trypticase soy broth (TSB), and
yeast extract (YE) were purchased from Becton, Dickinson and Company (Sparks, MD).
Ammonium iron (Ш) citrate was purchased from Sigma-Aldrich Corporation (MO, USA)
and sodium thiosulfate was made by Fisher Chemical (NJ, USA) and esculin hydrate was
from ACROS (NJ, USA).

5.3.2 Determination of thermal inactivation kinetics of microorganisms in
hazelnut shell powder and ground kernel
5.3.2.1 Inoculation
One isolated colony was aseptically harvested from working stock plates refrigerated at
4 °C for each microorganism using a 10 µL loop. Each isolated colony was transferred to
10 mL of TSB supplemented with 0.6% YE (TSBYE) and vortexed thoroughly, then
incubated at 37 °C for 24±2 h. After incubation, 0.1 mL of the overnight broth culture
was aliquoted onto a labeled TSAYE plate and spread using a sterile L-shaped spreader.
All plates were incubated in an inverted position at 37 °C for 24±2 h to grow lawns on
the agar surface. Finally, the bacteria lawns were harvested by pouring 3 mL of 0.1%
BPW on the agar surface and gently agitating cells into solution with a spreader. The cell
solution was collected and transferred to a sterile tube. The remaining plates of each
bacteria strain were harvested with the same process. The Salmonella enterica cocktail
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was prepared by aseptically aliquoting equal volume inoculum of each serovar into a new
sterile conical tube and vortexed for 30 s to ensure homogeneous distribution of cells.
The inshell hazelnuts were manually separated to shells and kernels, then the shells and
kernels were separately ground for 2 min using a Waring Commercial Spice Grinder
(WSG60, Conair Corporation, CT, USA). Prior to grinding, the shells were soaked in
70 % ethanol (Decon Labs, Inc., 200 proof) for 1.5 min to remove background
microflora. A sterile Whirl-Pak bag containing sufficient shell powder or ground kernels
for the following isothermal experiments was prepared for inoculation. The shell powder
and ground kernels were then sprayed with either Salmonella cocktail or E. faecium
inoculum (4 mL per 100 g). The inoculated shell powder was hand-massaged and mixed
for 10 min to ensure the uniform bacterial cells distribution (Chen et al., 2019). The
inoculated ground kernel was mixed and blended in a grinder for 2 min with a 30-second
interval for preventing inactivation of the bacteria from the generated heat. After
inoculation, the inoculated shells and kernels were transferred to an equilibration
chamber to dry and equilibrate to their original water activities. The equilibration
chamber has a custom-designed humidity control system which can control relative
humidity within ± 0.3% of the target water activity. The RH chamber has been described
in detail in Lau. (2020). After equilibration, the inoculated shells and kernels were packed
in aluminum pouches (L×W: 7.5 cm × 7.5 cm) and stored at 4 ℃ to prevent spoilage
considering their high water activities (aw> 0.90). Each aluminum pouch contained either
1.5 g of shell power or 2.0 g of ground kernels.
5.3.2.2 Isothermal treatment
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The inoculated samples were maintained and equilibrated at room temperature (ca. 23 ℃)
for 12 h prior to the isothermal treatment. To obtain D values of S. enterica and E.
faecium in hazelnut shells and kernels, inoculated samples packed in aluminum pouches
were subjected to isothermal treatment. The inoculated shell was treated at 55, 60, 65 and
70 ℃ with its original water activity for both bacteria based on preliminary experiments.
The inoculated kernels were treated at 60, 65, 70 and 75 ℃ with its original water
activity according to the preliminary experiments. All tests were conducted in duplicate.
Briefly, 1.5 g of inoculated shell powder or 2.0 g of inoculated ground kernel were sealed
in aluminum pouches and heated in a thermal death time (TDT) Sandwich (Lau, 2020) at
target temperatures mentioned above. The come-up time (CUT) was measured using a Ttype thermocouple located at the center of the test pouch loaded with non-inoculated
sample with triplicates. The final CUT was determined to be the average time for
reaching the target temperature plus two standard deviations from the triplicates. Thermal
treatment at the predetermined time intervals was performed at each temperature, starting
from the end of CUT. Once removed from the TDT sandwich, the aluminum pouches
were immediately immersed in an ice-water bath for at least one minute to stop
inactivation immediately after isothermal treatment.
5.3.2.3 Enumeration
To enumerate survivals after isothermal treatment, either 1.5 g of hazelnut powder or 2.0
g of ground hazelnut kernels was transferred to a sampling bag and 15 mL or 20 mL of
0.1% BPW was added to achieve a tenfold-dilution and then blended for 60 s in a
stomacher (Neutec Group Inc, NY, USA). An amount of 9 mL of 0.1% BPW was used to
decimally dilute the homogenized samples and all the diluted samples were plated in
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duplicates onto TSAYE supplemented with 0.05% (w/v) ammonium iron citrate and
0.03% (w/v) sodium thiosulfate (mTSA) for Salmonella and TSAYE supplemented with
0.05% (w/v) ammonium iron citrate, and 0.025% (w/v) esculin hydrate (eTSA) for E.
faecium. All plates were incubated for 24±2 h at 37 °C.
5.3.2.4 Modeling of isothermal inactivation kinetics
The first-order kinetic model was used to fit the thermal inactivation data. The first-order
kinetic model (Peleg, 2006) was expressed as:

N 
t
Log  t  = −
D
 N0 

(1)

 D
Log 
 Dref


(2)


(T − Tref )
 = −
z


where Nt and N0 are the microbial population (CFU/g) at times t and zero, respectively; t
is the holding time of isothermal treatment (min) after CUT, and D is the time (min)
required to reduce the microbial population by 90 % at a specified temperature (°C). In
equation (2), T is temperature (°C), Tref is the reference temperature (60 °C in this study).
Dref is the time (min) required to reduce the microbial population by ten-fold at Tref. z is
the temperature increase/decrease needed to decrease/increase the D-value by one log.
5.3.3 Microbial validation of RF pasteurization
5.3.3.1 Cumulative lethal effect of RF heating on Salmonella in hazelnuts
The thermal inactivation kinetic parameters of pathogens are determined under
isothermal condition and essential for designing and optimizing a microbial thermal
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inactivation process to achieve target lethality in a specific food matrix. However, most
thermal treatments are not isothermal and RF heating conducted in this study was not an
isothermal process. The F-value (Singh and Heldman, 2001) could be used to calculate
the cumulative thermal effect of a non-isothermal process on inactivating microorganisms
after obtaining the D and z values of Salmonella in fresh hazelnut shells and kernels with
their original water activities at different temperatures in this study. This F-value is given
by:

F =  10
t
0

T −Tref
z

dt

(3)

where F is the total equivalent heating time at the reference temperature, Tref (60 ℃ was
used in this study); T is the temperature of the nut during RF heating at time t, and Dref is
the D-value at reference temperature, Tref. The log reduction in the RF heating process
can be calculated by F/Dref.
Fig. 1 shows temperature profiles of kernel and shell of the fresh inshell hazelnut located
at the center (cold spot) of the container (L×W×H: 16.5 cm × 13 cm × 4 cm) containing
a single layer of inshell hazelnuts during 30 min RF heating under the electrode gap of
17.5 cm (Chen et al., 2020b). The temperature of kernel was always higher than that of
shell during the same RF heating process due to their different thermal and dielectric
properties (Chen et al., 2020b). The F-values during the 30 min RF heating process for
Salmonella in hazelnut kernels and shells were calculated based on the D and z values
obtained from the above isothermal study. The predicted log reductions (F-values divided
by their correspondent D values at Tref=60 ℃) of Salmonella in kernel and shell were
used to determine the location (kernel or shell) of inoculation for further microbial

141

challenge study to ensure the microbial safety of the whole inshell nut. If the low log
reduction part could achieve a certain lethality, then, the other part would have achieved a
higher lethality. Based on the log reductions of Salmonella in kernel and shell (results
will be shown later) during the same RF heating process, only the shells of the inshell
hazelnuts were inoculated for the microbial challenge study.
5.3.3.2 Inshell hazelnuts inoculation
Five milliliters of Salmonella cocktail prepared as described above was sprayed onto the
surfaces of 100 g inshell hazelnuts (Zhang et al., 2019) in a sterile plastic bag. The
inoculated nuts were mixed and hand-messaged for 5 min to ensure the uniform
distribution of bacteria cells on the shell surface. Then, the inoculated samples were
spread to one layer over paper towels and dried for 10 min to reach the original water
activity and moisture content of shell in a biosafety cabinet with the fan on. The water
activity and moisture content of shell were 0.9280±0.0053 and 20.80±0.39 (close to its
original water activity and moisture content), respectively, after drying 10 min in the
biosafety.
5.3.3.3 RF pasteurization of inshell hazelnuts
As kernels are heated faster by the RF (Fig. 1), hot air was provided to increase the
temperature of shell. By elevating the shell temperature rapidly, hot air assisted radio
frequency (HARF) heating can improve microbial inactivation efficacy in both shells and
kernels. A 6-kW, 27.12-MHz pilot-scale parallel-plate free running oscillating RF system
(Model SO-6B, Monga Strayfield Pvt. Ltd., Pune, India) was used for RF microbial
validation of inshell hazelnuts. More information about the RF system could be found in
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Chen et al. (2019, 2020a, 2020b). The electrode gap was initially selected at 17.5 cm
based on previous study (Chen et al., 2020b) to achieve a high heating rate and final
temperature for inactivating the bacteria. Hot air at 75 ℃ generated by two 1.5 kW digital
fan forced heaters (HHF370B, Honeywell, Charlotte, NC, USA) was simultaneously
applied during RF heating with the 17.5 cm electrode gap. The bottom center of the tray
was determined to be the cold spot during HARF heating of inshell hazelnuts in our
previous study (Chen et al., 2020b). According to the measured temperature profile of
the shell and the predicted cumulative lethal effect (calculated F-value), a 10-min HARF
heating followed by 40 min HA heating achieved more than 5 log reduction of
Salmonella and dried the nuts to the safe storage moisture content of inshell hazelnut
(Chen et al., 2020b). Hence, that process condition was chosen for the microbial
validation study.
A single-layer inshell nuts (~100 g) with one inshell nut inoculated with Salmonella
located at the bottom center (cold spot) of a laminated paper tray (L×W×H: 16.5 cm × 13
cm × 4 cm) were placed at the center of the bottom electrode. A hole was drilled through
the shell of the inoculated inshell hazelnut for kernel temperature measurement. The shell
and kernel temperature profiles of the inoculated hazelnut were monitored using fiber
optic sensors (Neoptix, Inc., Quebec City, Quebec, Canada) with an accuracy of 0.6 °C.
The fiber optic sensor was connected to the shell using tape for measuring the shell
temperature (Chen et al., 2020b). Two replications were performed for the microbial
challenge study.
Immediately after RF pasteurization, the treated inshell hazelnut was transferred to a
sterile sampling bag and immersed to ice water bath to stop the further thermal

143

inactivation. After cooling, the inoculated nut was diluted by 10 mL 0.1 % BPW, the
suspension was serially diluted in 0.1 % BPW, and 0.1 mL of the appropriate diluent was
spread onto mTSA using an L-shape spreader. All plates were incubated at 37 °C for
24±2h. For inshell hazelnut, the calculated CFU per milliliter of plate count was
multiplied by 10 mL (the volume of diluent per each nut) which was the CFU recovered
per individual inshell nut (Blessington et al., 2013, Zhang et al., 2019). The detection
limit of this enumeration method was 10 CFU/nut.

5.4 Results and discussion
5.4.1 D and z values of Salmonella and E. faecium in hazelnut shell and kernel
The log-linear model was used for describing isothermal inactivation kinetics and
determining D and z values in this study. The survival data of both Salmonella and E.
faecium in hazelnut shell fit well to the first-order kinetic model (Fig. 2). The D values of
Salmonella enterica in the hazelnut shell powder at 55, 60 and 65 °C were 33.96±0.41,
5.11±0.22 and 1.08±0.06 min, respectively (Table 1). While the D values of E. faecium in
the hazelnut shell powder at 60, 65 and 70 °C were 42.83±0.13, 5.38±0.34 and 1.26±0.00
min, respectively (Table 1). E. faecium consistently showed higher D values and thermal
resistances under different temperatures than those of Salmonella, thus, E. faecium is a
suitable surrogate of Salmonella in hazelnut shell. The Log-D value versus temperature is
plotted in Fig. 3 to determine z values of Salmonella and E. faecium in the ground
hazelnut kernel and shell powder. The z-values of Salmonella and E. faecium in hazelnut
shell were 6.69 and 6.53 °C, respectively (Table 1).
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Fig. 4 shows the survival curves of both bacteria in the ground hazelnut kernel at 60, 65,
70 and 75 °C. The D values of Salmonella enterica in hazelnut kernel at 60, 65 and 70 °C
were 15.44±1.66, 2.87±0.08 and 0.19±0.01 min, respectively (Table 1). Similarly, the D
values of E. faecium in hazelnut kernel at 65, 70 and 75 °C were 26.63±1.40, 5.26±0.32
and 1.21±0.00 min, respectively (Table 1). Again, E. faecium consistently showed higher
D values and thermal resistances under different temperatures than those of Salmonella,
thus, E. faecium proves to be a suitable surrogate of Salmonella in hazelnut kernel. E.
faecium was also found to be a suitable surrogate of Salmonella in cumin seeds (Chen et
al., 2019, Ozturk et al., 2020), black pepper (Wei et al., 2018), wheat flour (Liu et al.,
2018ab). The z values of Salmonella and E. faecium in the ground hazelnut kernel were
5.23 and 7.44 °C, respectively (Table 1). Table 1 summarizes the D and z values of both
bacteria in hazelnut shell (aw=0.9122±0.0008) and kernel (aw=0.9246±0.0024) at all
tested temperatures. According to Table 1, both Salmonella and E. faecium showed
higher D-values in hazelnut kernel than those in hazelnut shell. For example, the D values
of Salmonella at 60 °C in hazelnut shell and kernel were 5.11±0.22 min and 15.44±1.66
min, respectively. The similar results could be observed for E. faecium in hazelnut shell
and kernel. This may be due to the protection effect of fat in hazelnut kernels (Senhaji,
1977, Senhaji and Loncin, 1977).
5.4.2 Microbial validation of RF pasteurization
5.4.2.1 Cumulative lethal effect of RF heating on Salmonella in hazelnuts
Thermal inactivation kinetics of bacteria in hazelnut kernel and shell and heating
behavior and characteristic of kernel and shell for inshell hazelnuts subjected to RF
heating need to be considered for optimizing and designing microbial validation of RF
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pasteurization of inshell hazelnuts. The RF heating characteristics of shell and kernel for
inshell hazelnuts were investigated by Chen et al. (2020b). Fig. 5 shows the temperature
profiles and predicted log reductions (cumulative lethal effects) of Salmonella on shell
(Fig.5a) and kernel (Fig.5b) of the inshell hazelnut located at the cold spot (center) of the
tray during 30 min of radio frequency (RF) heating under a 17.5 cm electrode gap. As can
be seen from Fig. 5, kernel (aw=0.9246±0.0024) is predicted to have a much higher log
reductions (42.8 log (CFU/nut) than shell ((aw=0.9122±0.0008; 0.48 log (CFU/nut))
during 30 min RF heating process of inshell hazelnuts. If the shell of the inshell
hazelnuts is microbiologically safe under RF treatment, the kernel will be much safer.
Therefore, only inoculating the shell was adequate to ensure the microbial food safety of
the whole inshell nut for RF pasteurization. It was also found that most thermal
inactivation of Salmonella happened after the shell temperature reached ca. 50 °C and
after the kernel temperature reached ca. 65 °C. When the shell temperature was below 50
°C and the kernel temperature was below 65 °C, almost no bacteria was inactivated.
5.4.2.2 RF pasteurization of inshell hazelnuts
Temperature profile of hazelnut shell and predicted cumulative log reduction of
Salmonella during 10 min of HARF heating under a 17.5-cm electrode gap plus a 40 min
of HA heating are presented in Fig. 6. According to the cumulative lethal effect of this
heating process, the predicted cumulative log reduction is 327.5 (Table 2). However,
there was only a 0.52 log reduction was observed in the microbial validation study (Table
2). There was a very large variation between experimental and predicted log reductions.
Longer HARF heating (15 and 20 min) times were conducted to achieve higher log
reduction of Salmonella on the shell of inshell hazelnut. Again, 15 and 20 min HARF
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heating were able to achieve only 1.12±0.06 and 0.99±0.14 log reductions, respectively
which were far away from the predicted log reductions (994.4 and 12681.8) (Table 2).
One of the possible reasons is that the RF pasteurization process is also a simultaneous
drying process and the thermal resistance of bacteria might increase with the decreasing
water activity. The moisture content and water activity of hazelnut shell reduced from
20.26±1.02 % and 0.9122±0.0008 to 11.28 ±0.58 % and 0.6078±0.063, respectively after
10 min HARF heating plus 40 min HA heating. How bacteria respond to the fastchanging environment of water activity in such short time period (< 60 min) may need to
be further investigated.
The hypothesis is that the decreasing water activity of hazelnut shell dramatically
increases the thermal resistance of Salmonella during the RF pasteurization process. To
prove this hypothesis, 5 mL of 0.1 % BPW was sprayed onto the shells of the inshell
hazelnuts in a Ziplock bag. The inshell hazelnuts were then shaken in the bag to ensure
the uniform distribution of the BPW on shells. After spraying, there was a ~3 g weight
gains due to the sprayed BPW on the shell surface. The shells were ground after spraying
BPW and the water activity was measured to be 0.9606±0.0026. Then the wet inshell
hazelnuts were used for the microbial validation study. Fig. 7 shows temperature profiles
of hazelnut shell and kernel with and without spraying BPW on the inshell hazelnuts
during 20 min HARF heating under the electrode gap of 17.5 cm. The shell temperature
without water spray was higher than that with water spray (Fig. 7). This is due to the
evaporative cooling effect of BPW on the hazelnut shell surface during HARF heating.
Although, the shell temperature with water spray was lower than that of without water
spray, 15 and 20 min HARF heating were able to achieve higher log reduction (2.05±0.80
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and 1.95±0.08) compared with those without water spray (1.12±0.06 and 0.99±0.14)
(Table 2). This proved that the increasing water activity was a major factor contributing
to the higher microbial inactivation after water spray. Since the BPW only resided on the
shell surface and did not diffuse into the kernel, the kernel temperatures with and without
water spray were similar (Fig. 7). Spraying water on inshell hazelnut not only improved
RF microbial inactivation efficacy but also maintained the nut quality, as no additional
increase in temperature for hazelnut kernel was observed.
Only ~2 log reductions of Salmonella were achieved after 20 min of HARF heating of
inshell hazelnuts with water spay. Therefore, 30 min of HARF heating with BPW spray
on inshell hazelnuts under a slightly lower (17-cm) electrode gap (lower gap increases RF
heating rate) was performed to obtain higher microbial inactivation. The corner of the
container was the hot spot during HARF heating of inshell hazelnuts (Chen et al., 2020
b). Two inoculated inshell hazelnuts were put at the center (cold spot) and corner (hot
spot) of the tray for 30 min HARF heating. Fig. 8 demonstrates the temperature profiles
of shells and kernels located at center and corner of the tray. The shell temperatures at
center and corner reached around 80 and 90 ℃, respectively and maintained at those
temperatures for more than 10 min (Fig. 8). However, even with that high temperature
holding for more than 10 minutes and with water spray on inshell hazelnuts, there were
only 3.57±0.70 and 5.57±0.67 log reductions of Salmonella on inshell hazelnuts located
at center and corner, respectively after 30 min of HARF heating. If there was no water
loss of inshell hazelnuts during the RF pasteurization process, the D-value of Salmonella
on hazelnut shell with original water activity (0.9122±0.0008) and moisture content
(20.26±1.02 %) at 80 ℃ would be 0.35 seconds according to the obtained z value. When
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the shell temperature reaches 80 ℃, all Salmonella should be eliminated within few
seconds if the water activity or moisture content remains constant. As RF pasteurization
was also a simultaneous drying process in this study, thermal resistance of
microorganisms increased drastically with reduced water activity/water content
(Syamaladevi et al., 2016, Gao et al., 2011, Izurieta and Komitopoulou, 2012, Villa-Rojas
et al., 2013, Liu et al., 2018ab). Izurieta and Komitopoulou, (2012) reported that the
D100°C values of S. Enteritidis PT30 and S. Oranienburg were ca. 7–11 min in hazelnut
shells at ca. 4% w/w moisture and D80°C values were 2–4.5 min in crushed hazelnut
shells after adding moisture to ca. 7% w/w. The increasing moisture dramatically reduced
D-values of both Salmonella strains in hazelnut shells (Izurieta and Komitopoulou,
2012). Therefore, the F-value model could not provide an accurate prediction for an open
system (water loss) RF thermal process. Since the deceasing water activity of food matrix
and increasing thermal resistance of microorganism is a dynamic process during the RF
thermal process, the thermal inactivation kinetics (D and z-values) of the microorganism
at the end of RF pasteurization process could be used into the F-value model to have a
conservative prediction. An alternate, and possibly more accurate and reliable method
would be determining the thermal inactivation kinetics at each time point during the
thermal process in the open system and use this as input to the F-value model.
From Table 2, there was ~1 log increase in Salmonella inactivation for both 15 and 20
min HARF heating after spraying BPW on inshell hazelnuts. The initial water activity of
the shell was 0.9606±0.0026 after spraying BPW on inshell hazelnuts. With this
increased water activity, the thermal resistance of Salmonella would decrease
dramatically (Lenovich, 2017, Zhang et al., 2018ab) and much higher Salmonella
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inactivation would be expected. If the increasing thermal resistance of Salmonella due to
the decreased water activity during the RF heating was the only reason for the large Fvalue prediction variation, a much higher microbial inactivation would be expected after
BPW spray, thus other reasons may also contribute to this prediction variation. Fig. 9
shows the scarped top layer of hazelnut shells for the water activity measurement. It was
found that the water activity of that thin top layer of fresh inshell hazelnut surface was
very low at 0.1744±0.0144. Although the ground shell powder of fresh hazelnut shell had
a water activity of 0.9122±0.0008, the water activity of that thin top shell surface layer
was much lower. This very dry shell surface was the major factor for the F-value
prediction variation, as most of the contamination occur on the top surface. In this study
also, the inoculation was sprayed on the nut surface and therefore most of the bacteria
resided on the surface. This dry shell surface creates a challenge for thermal inactivation
of pathogens in inshell hazelnuts and other nuts with similar shell structure. Water,
ethanol and other food graded antimicrobial agents could be sprayed and the inshell
hazelnuts could be washed before inshell hazelnuts pasteurization. Those agents will
decrease thermal resistance of target pathogen and have a synergistic microbial
inactivation effect with the following thermal treatment. These conclusions are in
agreement with previously reported literature supporting washing/soaking process using
generally recognized as safe (GRAS) surface disinfectants prior to nuts pasteurization
(Salazar, 2015, Gao et al., 2011, Villa-Rojas et al., 2013, Li et al., 2017). The optimal
condition of using ethanol 70%, isopropyl 70%, hydrogen peroxide 3%, acetic acid 5%,
and peracetic acid 500 ppm were combined with a thermal process, which achieved more
than 5 log reductions of Salmonella in almonds, pecans, pistachios, and walnuts (Salazar,
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2015). A soaking process before RF pasteurization of inshell almonds led to 5 log
reductions of E. coli ATCC 25922 (Li et al., 2017). Dielectric constant, dielectric loss
factor and RF heating rate of pistachio kernels increased with rising salt content within a
certain up limit, RF treatment time required to reduce Salmonella enterica by 4 log
CFU/g decreased (Jeong et al., 2019). The same method of adding salt solution on
hazelnut shell could be potentially used to increase the heating rate of shells or
preferentially heat shells during RF pasteurization. For future research, a combination of
surface disinfectants/salt solution and RF heating process needs to be investigated to
optimize drying, microbial safety, and quality of hazelnuts.
There is a need to dry the kernels to increase the storage life of hazelnuts. In our earlier
study, we demonstrated the use of RF to dry them efficiently. In this study, we evaluated
whether RF can be used to enhance food safety. One major finding is that RF
preferentially heats kernels than the shell. Therefore, RF can be effectively combined
with HA to dry both kernels and shell surface. Second major finding from this study is
that the shell was heated slowly and therefore shell is the microbiologically unsafe
location, despite lower D-value of the shell. Also, shell is prone for contamination than
the kernel. The predicted log reduction did not match the observed log reduction. The
third major finding from this study is that the outer layer of shell dries during RF heating
that it is very hard to achieve desired log reduction. We demonstrated that adding
moisture to outer layer improved log reduction, but it is not sufficient. Therefore, we
recommended the spray of antimicrobial solution or disinfectant either prior or during the
HARF heating process to achieve desired pasteurization level. As high temperature of
kernels may lead to quality deterioration due to lipid oxidation, the kernel temperature
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during the process needs to be considered and the kernel quality needs to be evaluated
after treatment. This integrated approach is expected to achieve the desired quality and
safety of nuts, which needs to be further investigated for the optimal treatment
combination and process parameters.

5.5 Conclusion
The thermal inactivation kinetics (D and z-values) of Salmonella and E. faecium in fresh
hazelnut shell and kernel were determined at their original water activities. E. faecium
was found to be a suitable surrogate of Salmonella in hazelnut shell and kernel based on
their thermal inactivation kinetics. The hazelnut shell was inoculated with Salmonella for
the RF microbial challenge study. This was based on the thermal inactivation kinetics of
Salmonella in hazelnut shell and kernel, and the temperature profiles of shells and kernels
subjected to RF heating. The F-value model was used to predict Salmonella lethality for
the microbial validation of RF pasteurization process for inshell hazelnuts. A large
variation was found between predicted and experimental log reductions due to the drying
of shell during RF heating process. The D and z-values of Salmonella in hazelnut shell at
final water activity conditions after RF heating process could be determined and be used
in F-value model to have a conservative prediction. The initial water activity of the outer
layer of hazelnut shell surface was 0.1744±0.0144, which was very dry. The dry shell
surface of fresh inshell hazelnut was another major reason for the prediction variation of
RF pasteurization besides the moisture loss during RF heating process. The dry surface of
fresh inshell hazelnuts creates a challenge for RF pasteurization of inshell hazelnuts.
GRAS surface disinfectants and salt solution could be a pretreatment step for developing
an efficient and simultaneous RF pasteurization and drying process for inshell hazelnuts.
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This integrated disinfection, RF and hot air treatment needs to be investigated to optimize
both quality and safety of hazelnuts. This study provides valuable information by
identifying challenges and recommendations to the hazelnut industry for improving
safety and quality of hazelnuts.
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Figure 5.1. Temperature profiles of kernel and shell of the inshell nut located at the
center (cold spot) of the tray during 30 min radio frequency (RF) heating under an
electrode gap of 17.5 cm. (adapted from Chen et al., 2020b).
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(a) E. faecium
Figure 5.2. Thermal inactivation kinetics of (a) Salmonella and (b) E. faecium in
hazelnut shell with its original activity aw=0.9122±0.0008 at 25 °C, and isothermally
treated at 55, 60, 65 and 70 °C.

161

2.0

Log D-value (log min)

1.5R² = 1.00

1.0

E. faecium, kernel

R² = 1.00
0.5

Salmonella, kernel

R² = 0.99

Salmonella, shell
E. faecium, shell

0.0
55

60

65

Temperature (℃)
-0.5

70

75

R² = 0.98

-1.0

Figure 5.3. Log D-values of Salmonella and E. faecium in hazelnut shell and kernel
with their original water activities at 0.9122±0.0008 and 0.9246±0.0024, respectively
at 25 ℃, and subjected to isothermal treatment at 55, 60, 65, 70 and 75°C.
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(b) E. faecium
Figure 5.4. Thermal inactivation survival curve of (a) Salmonella and (b) E.
faecium in hazelnut kernel with the original aw=0.9246±0.0024 at 25°C, and
isothermally treated at 60, 65, 70 and 75 °C.
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(b) Kernel
Figure 5.5. Temperature profiles and predicted log reductions of Salmonella on (a)
shell and (b) kernel of the inshell hazelnut located at the cold spot (center) of the
tray during 30 min radio frequency (RF) heating under a 17.5-cm electrode gap.
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Figure 5.6. Temperature profile of hazelnut shell and predicted cumulative log
reduction of Salmonella during a 10-min HARF under a 17.5 cm electrode gap
followed by 40 min HA heating.
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Figure 5.7. Temperature profiles of hazelnut shell and kernel with and without
spraying 0.1% BPW on the shell of inshell hazelnuts during 20 min hot air (HA)
assisted radio frequency (HARF) heating at the 17.5 cm electrode gap.
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kernel with 0.1 % BPW spray on the shell of inshell hazelnuts placed at center and
corner of the tray during 30 min hot air (HA) assisted radio frequency (HARF)
heating under a 17 cm electrode gap.
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Figure 5.9. The top surface layer of shells was removed for water activity
measurement.
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Table 5.1. Table 5.1. A summary of D and z values of Salmonella and E. faecium in
hazelnut shell and kernel treated at 55, 60, 65, 70 and 75 ℃.
Hazelnut

Water
activity
(aw)

Target
Organism
Salmonella

Shell

0.9122±0.0008
E. faecium

Salmonella
Kernel

0.9246±0.0024
E. faecium

Temperature
(°C)

D-value
(min)

55
60
65
60
65
70
60
65
70
65
70
75

33.96±0.41
5.11±0.22
1.08±0.06
42.83±0.13
5.38±0.34
1.26±0.00
15.44±1.66
2.87±0.08
0.19±0.01
26.63±1.40
5.26±0.32
1.21±0.00

zvalue
(℃)
6.69

6.53

5.23

7.44
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Table 5.2. HARF treatment conditions and corresponding experimental and
predicted log reductions for the inshell hazelnut inoculated with Salmonella.
Treatment

10 min HARF
+ 40 min HA

BPW
spray

Ave. shell aw
(before treatment)

Microorganism

No

0.9122±0.0008

Salmonella

Log reduction
(center/corner)

0.52±0.01
(center)

1.12±0.06
(center)
15 min HARF
2.05±0.80
Yes
0.9606±0.0026
Salmonella
(center)
0.99±0.14
20 min HARF
No
0.9122±0.0008
Salmonella
(center)
1.95±0.08
20 min HARF
Yes
0.9606±0.0026
Salmonella
(center)
3.57±0.70
(center)
30 min HARF
Yes
0.9606±0.0026
Salmonella
5.57±0.67
(corner)
Note: - stands for no prediction due to unknown D and z values of Salmonella at
15 min HARF

aw=0.9606±0.0026.

No

0.9122±0.0008

Salmonella

Predicted
log
reduction

327.5
994.4
12681.8
-
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6.1 Abstract
The objectives of this study were to investigate the effects of processing parameters
(relative humidity (RH), temperature, and exposure time) on the ethylene oxide (EtO)
microbial inactivation of Salmonella spp. and to evaluate Enterococcus faecium NRRL
B2354 as a suitable surrogate for Salmonella inactivation in cumin seeds. Five grams of
cumin seeds inoculated with either Salmonella or E. faecium were treated with EtO at
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different temperatures (46, 53, and 60 ℃) and RH (30, 40, and 50%) levels for different
exposure time to investigate the effects of process parameters on the microbial
inactivation. The Weibull model fit the survival data of both bacteria with a shape
parameter p<1, which indicated partial bacteria were inactivated first and the remaining
cells might develop EtO resistance and adapt to the adverse environment at low RH
treatment conditions. In general, the log reductions of both bacteria in cumin seeds
increased with the increasing RH and temperature for EtO treatment. RH is a critical
factor for successful EtO inactivation treatment. RH must be higher than 40% to
implement a successful and efficient EtO sterilization of cumin seeds. E. faecium
consistently showed lower log reductions than those of Salmonella under all EtO
treatment conditions investigated in this study, demonstrating that E. faecium is a suitable
surrogate for Salmonella. A response surface model was developed to predict the log
reductions of both bacteria under different treatment conditions and the contour plots
representing log reductions were created. Inactivation is positively correlated to
temperature and RH. Therefore, a higher temperature is required to achieve the desired
log reduction at lower RH and vice versa. The developed response surface model is a
valuable tool for the spice industry in identifying the possible combinations of EtO
process parameters (temperature, RH, and exposure time) required to achieve a desired
microbial reduction of Salmonella for ensuring microbial food safety of spices.
Keywords: Salmonella, surrogate, ethylene oxide, cumin seeds, spices, response surface
model
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6.2 Introduction
Ethylene oxide (EtO) is a colorless, flammable gas with a sweet smell and it has been
historically used as a fumigant for medical devices and spices in bulk (Kaye and Phillips,
1949, Toofanian and Stegeman, 1988, Bowman et al., 2015). Ethylene oxide is a direct
alkylating agent and it can react with biologically important cellular components (nucleic
acids and functional proteins) and prevent cellular metabolism and reproduction (Kaye
and Phillips, 1949, Michael and Stumbo, 1970, Newkirk, 2016). Multiple studies for this
gas have been explored. Phillips and Kaye (1949) evaluated the effects of temperature,
concentration, and time on the sterilizing action of gaseous EtO for treating the cotton
cloth contaminated with spores of Bacillus globigii in a bottle. Ernst and Shull (1962a, b)
studied the effects of temperature, concentration, and humidification on gaseous EtO
inactivation of air-dried Bacillus subtilis var. niger spores on glass beads. The death rate
kinetics of several spore-forming and non-spore-forming microorganisms in hygroscopic
and non-hygroscopic carriers were determined by exposing them to a mixture of EtO and
dichlorodifluoromethane (Kereluk et al., 1970a, b). S. senftenberg in whole egg powder
was about twice as resistant as it was in the clean state for the gaseous EtO treatment
(Michael and Stumbo, 1970). Black pepper, paprika, oregano and celery seeds were
treated with a mixture of 10% EtO and 90% carbon dioxide by weight for 16 h, while all
spices and garlic were treated for 12 and 5 h, respectively for removing bacterial flora
(Vajdi and Pereira, 1973). Toofanian and Stegeman (1988) investigated the effect of
gamma irradiation and EtO fumigation on the microbiological and sensory properties of
ground cinnamon, ginger, fennel and fenugreek. Most EtO studies were conducted
between 1940 and 1980. Additionally, major occupational exposure concerns existed
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back then, and operators may have been exposed to unsafe levels of the gas. There was a
research gap after 1980s on EtO studies possibly due to the awareness of toxic and
cancerogenic properties of EtO. The Food Quality Protection Act Tolerance
Reassessment Decision Document was developed by the Environmental Protection
Agency (EPA) and includes the tolerances for EtO and its reaction product, ethylene
chlorohydrin (ECH) residues, which are 7 and 940 ppm on spices, respectively (EPA,
2006). All commercial processors of spices must use process parameters during EtO
fumigation that will not result in exceeding the residual limits set by the EPA. Since
2008, any spice treated by EtO in the United States must follow the directions on the EtO
label (Honeywell, 2008). Despite this requirement, commercial processing facilities use
a variety of concentrations of EtO, chamber temperature, and relative humidity of the
environment. Newkirk (2016) reported the inactivation of Salmonella enterica and
Enterococcus faecium on whole black peppercorns and cumin seeds using steam and EtO
fumigation. However, there was a large variation in the microbial inactivation among
different commercial EtO processing units whose processes met the label requirements.
The detailed processing parameters used for the fumigation process were not provided by
Newkirk (2016) due to the proprietary nature of commercial operations. In addition, the
American Spice Trade Association (ASTA) estimates that between 40-85% of spices
imported into the U.S. are treated with EtO each year to ensure the microbial food safety
(ASTA, 2011). The main advantage of EtO is that its use on spices generally has no
significant impact on their appearance or flavor (ASTA, 2009). However, it is necessary
to clearly understand the effects of processing parameters (relative humidity, temperature,
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concentration, and exposure time) on the EtO microbial inactivation in spices and provide
directions for the spice industry.
Salmonella is a major pathogen in spices due to its ability to survive in low water activity
(aw) environments (Farakos and Frank, 2014, Chen et al., 2019, Chen et al., 2020a, Wei et
al., 2019). Cumin seed (Cuminum cyminum L.) is one of the most popular and consumed
spices because of its distinctive flavor, aroma, and medicinal and therapeutic properties
(Mathew, 2005). Cumin seeds can be easily contaminated with Escherichia coli,
Salmonella, Clostridium perfringens, and Bacillus cereus under growth, harvest, and
production conditions, potentially posing a public health risk (Banerjee and Sarkar, 2003,
Chen et al., 2019). Therefore, cumin seeds were selected as model food for the EtO
microbial inactivation study.
According to the Food Safety Modernization Act (FSMA) regulations, any microbial
intervention technology needs to be validated to be considered as a preventive control
(FDA, 2018). It is important that the efficacy of ETO treatments is performed within
commercial processing facilities; however, the addition of Salmonella or other human
pathogens creates concerns about cross-contamination of other products. Surrogate
microorganisms offer a strategy to perform in-plant validations using a variety of
configurations. The surrogate microorganisms should be non-pathogenic and have similar
stability and inactivation characteristics to the target pathogen under the decontamination
process of interest. Enterococcus faecium NRRL B2354 has been validated as a
surrogate for Salmonella spp. in a number of thermal lethality studies (Almond Board of
California, 2007), and radiofrequency heating of wheat flour (Villa-Rojas et al., 2017,
Liu et al., 2018), black pepper (Wei et al., 2019), cumin seeds (Chen et al., 2019, Chen et
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al., 2020a) and hazelnut (Chen et al., 2020b). In addition, it was found to have
comparable reductions to a cocktail of multiple Salmonella spp. inoculated on cashews
and macadamia nuts treated with the antimicrobial gas propylene oxide (PPO) (Saunders
et al., 2018).
The objectives of this study were to: investigate the effects of processing parameters
(relative humidity, temperature, and exposure time) on the EtO microbial inactivation of
Salmonella spp. and to compare the inactivation of Salmonella spp. with Enterococcus
faecium NRRL B2354 to evaluate the suitability of E. faecium as a surrogate for
Salmonella inactivation in cumin seeds using EtO treatment.

6.3 Material and methods
6.3.1 Material
Three batches of commercially steamed cumin seeds were obtained from McCormick &
Company, Inc. (Hunt Valley, MD, USA) and stored at room temperature. Water activity
(aw) of samples was measured using a dew point water activity meter (Aqualab Series
4TE, Decagon Devices Inc., Pullman, WA, USA) at 25°C. To estimate the background
microorganisms, five 1-g samples from each batch of cumin seeds were individually
diluted in 9 mL of 0.1% buffered peptone water (BPW) and plated onto trypticase soy
agar supplemented with 0.6% (w/v) yeast extract (TSAYE). Plates were incubated for
48±2 h at 37 ℃ (Chen et al., 2019, Chen et al., 2020a). Salmonella Agona 447967,
Salmonella Reading Moff 180418, Salmonella Tennessee K4643, Salmonella
Montevideo 488275 and Salmonella Mbandaka 698538 were selected due to their
association with foodborne illness outbreaks in low-moisture foods (Wei et al., 2019,
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Chen et al., 2019, Chen et al., 2020a, 2020b). Non-pathogenic bacteria Enterococcus
faecium NRRL B2354 was evaluated as a suitable Salmonella surrogate for EtO
treatment. More information for all the microorganisms used in this study could be found
in Chen et al. (2019, 2020a, 2020b). All bacterial cultures maintenance protocols were
followed as previously described (Chen et al., 2019, Chen et al., 2020a, 2020b).
Buffered peptone water (BPW), Tryptic soy agar (TSA), trypticase soy broth (TSB), and
yeast extract (YE) were purchased from Becton, Dickinson and Company (Sparks, MD).
Ammonium iron (Ш) citrate was purchased from Sigma-Aldrich Corporation (MO, USA)
and sodium thiosulfate was made by Fisher Chemical (NJ, USA) and esculin hydrate was
from ACROS (NJ, USA).
6.3.2 Inoculation
A 10 µL loop was used to aseptically harvest one isolated colony from working stock
plates stored at 4°C for each bacterial strain. The isolated colony was transferred to 10
mL of TSB supplemented with 0.6% (w/v) YE and mixed thoroughly, then incubated for
24±2 h at 37 °C. After incubation, 0.1 mL of the overnight broth culture was aliquoted
onto a TSA plate supplemented with 0.6% (w/v) YE (TSAYE) and spread using an Lshaped spreader. Plates were incubated at 37°C for 24±2 h to obtain lawns of confluent
growth on the agar surface. Finally, the lawns were harvested by pipetting 3 mL of 0.1%
BPW to the agar surface and gently agitating cells into solution with a sterile L-shaped
spreader. The cell suspension was collected and transferred to a sterile tube. This process
was repeated for the remaining plates of each strain. To prepare the Salmonella enterica
cocktail, equal volume inoculum of each serovar was aseptically aliquoted into a separate
sterile conical tube and vortexed for 30 s to ensure uniform cells distribution. The initial
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bacterial population of Salmonella enterica cocktail was ca. 1010-1011 CFU/mL and E.
faecium was ca. 109 -1010 CFU/mL.
Three-hundred grams of cumin seeds sample were aseptically transferred to a sterile
Whirl-Pak bag for inoculation. Then, either 3 mL of the S. enterica cocktail or E. faecium
were sprayed onto the cumin seeds surface and the sample was hand-massaged and
mixed for 10 min to ensure the even bacterial distribution on the product surface. The
inoculated sample was transferred to a relative humidity chamber to reach the target
water activity. The equilibration chamber has a custom-designed humidity control system
which can control relative humidity within ± 0.3% of the target water activity (Chen et
al., 2019, Chen et al., 2020a). Bacteria need time to adapt to the new and dry
environment, thus, the inoculated sample was treated after five days of equilibration in
the chamber (Chen et al., 2019, Chen et al., 2020a). This inoculation method ensures both
bacteria to be stable and homogenous after equilibration and provides a sufficiently high
bacterial population (> 7 log CFU/g) to conduct EtO microbial inactivation studies (Chen
et al., 2019, Chen et al., 2020a). The inoculated sample was used for two weeks and fresh
samples were then inoculated for the microbial inactivation study.
6.3.3 EtO Microbial Inactivation
6.3.3.1 EtO treatment
A 3M Sterilizer-Vac 5XL Gas Sterilizer/Aerator was used for the EtO microbial
inactivation study. A typical EtO gas sterilization process includes a pre-conditioning
phase, a gas exposure phase, and an aeration phase. The pre-conditioning phase is used to
preheat and vacuum the chamber to the pre-set temperature and vacuum and humidify the
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chamber to the target relative humidity. After reaching the vacuum, target temperature,
and relative humidity, the EtO cartridge was punctured and the EtO gas was released into
the chamber for the pre-set exposure time. The EtO gas was removed at the end of the gas
exposure phase. The aeration phase is used to aerate the product to remove any residual
EtO in the treated products. Then, the whole sterilization is completed after the
mandatory aeration time. There was an 8-h mandatory aeration time to remove EtO gas
residue in cumin seeds for safety issues. Throughout the sterilization process, the
sterilizer chamber remains at negative pressure relative to the room to prevent EtO out of
the equipment. If a leak failure does occur in the chamber, the room air will migrate into
the chamber and the controller will automatically detect the leak and abort the
sterilization cycle until service is performed. Treatment settings (temperature, relative
humidity and exposure time) were programmed before the start of each EtO treatment
cycle. The “4-100” EtO cartridge (3M™ Steri-Gas™) contains 100 g of EtO gas and
creates a gas concentration of 735 mg/L in the sterilizer with a 136 L chamber volume.
Five grams of cumin seeds inoculated with either Salmonella or E. faecium packed in a
porous paper bag (L×W×H: 5.5 cm × 5.5 cm × 0.5 cm) were placed on a petri dish (100
mm × 15 mm) without the lid in the sterilizer chamber for EtO microbial inactivation
under different treatment conditions. RH, temperature, and exposure time were
programmed before each run. The ASTA recommends a minimum EtO processing
temperature at 46 ℃ (115 ℉) (ASTA, 2009, Honeywell, 2008). Three RH levels were
evaluated for the EtO microbial inactivation study. A full factorial experiment design
with temperature (46, 53, and 60 ℃), RH (30, 40, and 50%) and five exposure time
points with the last time point achieving ca. 5 log reductions of Salmonella was
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performed to investigate the effects of process parameters on the EtO microbial
inactivation efficacy. Three biological replicates (batches of cumin seeds from different
production lots inoculated with independent bacterial frozen stock) were conducted for
the microbial inactivation study. Two random 3-g untreated inoculated samples were
enumerated as control and used to calculate log reductions for EtO treatment.
6.3.3.2 Enumeration
The inoculated samples were transferred to sampling bags for enumeration after EtO
treatment. To enumerate surviving cells after EtO treatment, the inoculated sample in the
bag (5 g) was ten-fold diluted by adding 45 mL of 0.1% BPW and then homogenized for
1 min in a blender (Neutec Group Inc, NY, USA). Blended samples were decimally
diluted in 9 mL of 0.1% BPW and all samples were plated in duplicate onto TSAYE
supplemented with 0.05% (w/v) ammonium iron citrate (Sigma-Aldrich Co., MO, USA),
and 0.03% (w/v) sodium thiosulfate (Fisher Chemical, NJ, USA) (mTSA) for Salmonella
and TSAYE supplemented with 0.05% (w/v) ammonium iron citrate, and 0.025% (w/v)
esculin hydrate (ACROS, NJ, USA) (eTSA) for E. faecium and incubated for 24±2 h at
37 °C.
6.3.3.3 Modeling of inactivation kinetics
The Weibull model was used to fit the EtO microbial inactivation data. The Weibull
model was given as (Geeraerd et al., 2005):

t
log N = log N 0 −  
 

p
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Where N (CFU/g) is the microbial population at exposure time t (min), N0 (CFU/g) is the
initial microbial population before EtO treatment, δ is the scale parameter, and p is the
shape parameter describing the curve's concavity. When p < 1, the semi-logarithmic
curve shows a tailing effect with concave shape indicating that the sensitive cells are
inactivated first, and the remaining cells may adapt to the adverse environment. While
p > 1, the semi-logarithmic survival curve is convex, which means that the remaining
cells become increasingly susceptible to the treatment, indicating that accumulated
damage makes the remaining cells easier to be inactivated (Peleg, 2006).
6.3.3.4 Statistical analysis
A response surface model (RSM) was fitted for log reductions of Salmonella and E.
faecium inactivation by EtO. A final model was fitted following the procedures of testing
the highest order terms first and keeping significant (P< 0.05) higher order terms and all
their lower order terms (Han et al., 2001, Verma et al., 2018). The goodness of fit of the
model was checked by the coefficient of determination (R2) and root mean square error
(RMSE). SAS 9.4 (SAS Institute Inc., Cary, NC) was used to fit the response surface
models and MATLAB R2017b (The MathWorks, Inc., Natick, MA) was used to create
contour plots. Statistical analysis of the data was performed in Microsoft Excel by
applying paired T-test for comparison of means from three replications at the 5%
significance level (α=0.05).

6.4 Results and Discussion
6.4.1 Effect of RH on EtO microbial inactivation
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The water activity (aw) of cumin seeds was 0.4738±0.0018 and the background
microbiota counts in all three batches of cumin seed samples were under 10 CFU/g
(detection limit). Figure 1. shows the inactivation of Salmonella and E. faecium in cumin
seeds subjected to EtO treatment at three RH levels (30, 40, and 50%) and three
temperatures (46, 53, and 63 ℃). As observed in Figure1(a), the microbial inactivation
efficacy of EtO for both bacteria increased with the increasing RH. The log reductions of
both bacteria increased with the increasing exposure time for the first 30 min at 30% and
40% RH. Then the curves became stable (tailing effect) and no more bacteria were
inactivated after 30 min EtO treatment at 30% and 40% RH (Figure 1(a)). The remaining
bacteria might have adapted to adverse environment (lower RH) and developed EtO
resistance after 30 min of EtO exposure. There were only 2.87±0.65 and 1.96±0.32 log
CFU/g reductions for Salmonella and E. faecium, respectively, after 180 min of EtO
treatment at 46℃ and 30% RH. However, it took only 20 min of EtO treatment to
achieve 4.95±0.69 and 4.29±1.02 log CFU/g reductions of Salmonella and E. faecium,
respectively, at 46 ℃ and 50% RH. For lower RH treatment conditions (30% and 40%
RH), a portion of the bacterial population was inactivated within 30 min and the
remaining bacteria were resistant to the EtO within this exposure time. There was no
increase in log reduction of either bacteria with the increasing exposure time under lower
RH conditions. Increasing the RH of the chamber (50% RH) reduced the subpopulation
that was EtO resistant and enhanced EtO microbial inactivation efficacy. Therefore, RH
is a critical process parameter for implementing a successful EtO inactivation process. A
higher RH is desirable for achieving a certain microbial inactivation in cumin seeds for
EtO treatment. Ernst and Shull (1962b) reported that pre-humidification/increasing the
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relative humidity prior to EtO exposure decreased sterilization time of Bacillus suibtilis
var. niger on glass beads. Enterococcus faecium consistently showed lower log
reductions than those of Salmonella at all EtO treatment conditions (P<0.05) (Figure
1(a)). This indicates that E. faecium is a suitable surrogate for Salmonella in EtO
treatment. Figure 1(b) presents log reductions of both bacteria for EtO treatment at 53 ℃
and 3 RH levels (30, 40 and 50%) The similar results and trends were also observed at
53 ℃ (Figure 1(b)). The EtO microbial inactivation efficacy also increased with
increasing RH (Figure 1(b)). Similar tailing effects were found for both bacteria after 30
min of EtO treatment at 30% and 40% RH (Figure 1(b). The log reductions of both
bacteria treated at 30% and 40% RH for 53 ℃ were similar to those at 30% and 40% RH
for 46 ℃, which indicated the temperature (46 and 53 ℃) did not have an effect under
lower RH conditions (30% and 40%). It took only 10 min of EtO treatment to achieve a
6.23±0.25 (under detection limit: 10 CFU/g) and a 4.98±0.55 log reductions of
Salmonella and E. faecium, respectively, at 50% RH for 53 ℃ (Figure 1(b)). The log
reductions of both bacteria increased with increasing temperature (46 ℃ to 53 ℃) at high
RH level (50 %). Again, E. faecium showed higher EtO resistance than Salmonella at all
EtO treatment conditions (P<0.05) (Figure 1(b)). Similar results and trends were also
observed at 60 ℃ (Figure 1(c)). Less time was required to achieve higher log reductions
of both bacteria for different RH levels at 60 ℃ (Figure 1(c)). Two minutes of EtO
treatment (50% RH and 60 ℃) achieved 5.31±0.74 and 4.4±0.7 log reductions of
Salmonella and E. faecium, respectively. Enterococcus faecium consistently showed
lower inactivation than that of Salmonella for all treatment conditions at 60 ℃ (P<0.05)
(Figure 1(c)). Overall, the EtO microbial inactivation efficacy improved with the
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increasing RH levels (30% to 50%) at all treatment temperatures (46, 53 and 60 ℃) and
E. faecium was found to be a suitable Salmonella surrogate for all EtO treatment
conditions in this study.
6.4.2 Effect of Temperature on EtO microbial inactivation
Figure 2 shows Salmonella inactivation during EtO treatment at three temperatures (46,
53, and 60 ℃) and three RH (30, 40, and 50%) levels. In general, the log reductions of
Salmonella increased with the increasing temperature (Figure 2). Phillips and Kaye
(1949) reported that EtO was 7.5 times as active at 25 ℃ as it was at 5 ℃ and 3.6 times
as active at 37 ℃ as 25 ℃. Ernst and Shull (1962b) suggested sterilizing at 54 ℃ rather
than at lower temperatures would decrease the sterilization time for EtO treatment. The
curves reached the stable state after 30 min of EtO treatment for all 3 temperatures at
30% RH (Figure 2(a)). Only lower temperatures (46 and 53℃) for 40 % RH were found
to have stable curves after 30 min of EtO treatment (Figure 2(b)) and this may indicate
that there was an interaction effect between temperature and RH. There was no tailing
effect observed for all three temperatures at 50% RH (Figure 2(c)). Five log reductions of
Salmonella were achieved within 20 min of EtO treatment for all three temperatures at
50% RH. The higher RH treatment conditions for EtO treatment might overcome the
developed EtO resistance of the remaining cells after the first 30 min exposure. RH has a
more prominent effect than temperature.
6.4.3 Weibull model
The inactivation kinetics of Salmonella and E. faecium in cumin seeds for EtO treatment
were fitted with a Weibull model (Figure 3). The δ and p values for the fitted Weibull
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model are summarized in Table 1. The δ and p values of the fitted Weibull model for
Salmonella at 46 ℃ and 30% RH were 0.55 and 0.15, respectively. The δ and p values of
the fitted Weibull model for E. faecium at 46 ℃ and 30% RH were 10.09 and 0.18,
respectively. All the p values (Table 1) of the fitted model for both bacteria were less
than 1 indicating tailing effect. In general, the Weibull model fit well with the survival
data of both bacteria with a high R2 and low RMSE. E. faecium showed higher survival
than that of Salmonella under the same EtO treatment condition (Figure 3). Because p
value was changing, it is difficult to compare δ values for different EtO treatment
conditions. Therefore, the secondary model based on Weibull model was not developed
to compare the effect of temperature and RH on δ values, as p value was not constant.
Therefore, a response surface model was developed to allow the processors to interpolate
the effect of process conditions on EtO inactivation.
6.4.4 Response surface model
The response surface model (RSM) was fitted for log reductions (log N0/Nt) of
Salmonella and E. faecium in cumin seeds treated at different temperatures, RH, and
exposure time. The RSM fit the log reductions of Salmonella with R2 =0.83 and
RMSE=0.53 log (CFU/g). The RSM model fit the log reductions of E. faecium with R2 =
0.79 and RMSE=0.55 log (CFU/g). The response surface equations for the inactivation of
Salmonella and E. faecium in cumin seeds during EtO treatment in this study are given
below:
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Salmonella:
log

N0
= 7.7908 − 0.3440T + 0.0027T 2 − 0.08146 R + 0.00428TR + 0.4423t + 0.000349Tt − 0.02559 Rt
Nt

+0.000367 R 2t − 1.66 10−6 Tt 2

E. faecium:
log

N0
= 5.0992 + 0.3773T − 0.00711T 2 − 0.8513R + 0.01774 R 2 + 0.000195T 2 R − 0.00023TR 2 + 0.3689t
Nt

−0.01298Tt + 0.000111T 2t − 0.00209 Rt + 0.000053TRt − 1.35 10 −6 Tt 2

Where N 0 (CFU/g) is the initial bacteria population before EtO treatment, N t (CFU/g) is
the bacterial population after EtO treatment at exposure time t (min), T is treatment
temperature (℃) and R is RH (%). Figure 1 demonstrates the experimental and RSM
predicted log reductions of Salmonella and E. faecium in cumin seeds at all treatment
conditions. In general, the RSM could give a good prediction for the log reductions of
both bacteria. As most of the data points are located at lower RH conditions (30% and
40% RH), the RSM fitted those better than the data points at 50% RH condition (Figure
1). The variation between experimental results and RSM prediction might also be due to
being close to the detection limit (10 CFU/g) for 50% RH.
6.4.4.1 Effects of process conditions
The contour plots for log reductions of Salmonella and E. faecium were generated based
on the RSM for EtO treatment at 30, 40, and 50% RH. As can be seen from Figure 4, the
log reductions of both bacteria increased as RH increased from 30% to 50% for different
treatment temperature and exposure time. There was a slight decrease in log reductions of
both bacteria with the increasing exposure time and treatment temperature at 30% RH.
This is due to the tailing effect and agrees well with the observed results in Figures 1 and
2. The log reduction curves for both bacteria became stable and slightly fluctuated after
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30 min exposure time at 30% RH (Figure 1 and 2). The slight decrease in log reductions
of both bacteria with the increasing exposure time and treatment temperature at 30% RH
observed may be due to the experimental error.
Three hours of exposure time at 30% RH is not sufficient to achieve 4 log reduction of
Salmonella and therefore is not recommended. However, only 20 min of exposure time at
50% RH achieved more than 5 log reductions of both bacteria. Contour plots at 50% RH
give a clear trend (Figure 4). Both RH and Temperature have a positive effect on EtO
inactivation. The contour lines at 50% RH have a negative slope indicating that at a lower
temperature, longer exposure time is required to achieve the same log reduction. In the
same manner, at higher temperatures, shorter exposure time is sufficient to achieve a
desirable log reduction. The treatment time is considerably short at 20 min when
compared at 30% and 40% RH with an exposure time of 3 hours. Therefore, we
recommend an RH of 50% or higher to be effective. RH is a critical factor for EtO
microbial inactivation efficacy. RH should be high enough in the reaction chamber to
have a desired EtO microbial inactivation efficacy. For lower RH treatment conditions
(30% and 40% RH), part of the bacteria was inactivated within 30 min of EtO exposure
and the remaining bacteria were resistant to the EtO. Thus, the contour lines were found
to be linear for the first 30 min exposure time and the curvature was found at longer
exposure times due to the observed tailing effect. Enterococcus faecium consistently
showed lower log reductions than that of Salmonella under all treatment conditions on
the contour plots (Figure 4). This is also in agreement with the experimental results
reported in Figure 1. Therefore, E. faecium is a suitable surrogate for Salmonella
inactivation using EtO treatment. The log reductions of both bacteria also increased with
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the increasing temperature (from 46 ℃ to 50 ℃) for different RH and exposure time
(Figure 4).
The generated contour plots can help to identify different EtO process parameter
combinations to achieve 5-log reductions of Salmonella in cumin seeds. For example, 60
min of EtO treatment was required to achieve 5 log reductions of Salmonella in cumin
seeds at 40% RH and 60 ℃ and less than 2 min of EtO treatment was needed to achieve 5
log reductions of Salmonella in cumin seeds at 50% RH and 56 ℃. However, 180 min of
EtO treatment at 30% RH and 60 ℃ only achieved ca. 3.5 log reductions of Salmonella.
RH must be higher than 40% to implement a successful and efficient EtO sterilization of
cumin seeds and RH of 50% is recommended to have a very short exposure time. The
RSM is a valuable tool for the spice industry in identifying the possible combinations of
EtO process conditions required to achieve a desired microbial reduction for Salmonella.
6.4.4.2 Temperature and RH interaction effect
Figure 5 presents contour plots of log reductions of Salmonella and E. faecium in cumin
seeds for 20 min of EtO treatment at different temperatures and RH. The changes in
spacing between the contour lines (Figure 5) indicate the interaction effect between RH
and temperature. At lower RH, the gap between 1 log contour lines is wider; then it
becomes narrower with the increasing RH (Figure 5). At 46 ℃, ~6% RH increase results
in 1 log reduction of Salmonella increase from 2 to 3 and ~3.5% RH increase results in 1
log reduction of Salmonella increase from 4 to 5 (Figure 5(a)). At 36% RH, the
temperature has to increase from 46 to 57 ℃ (11℃ raise) to increase log reduction of
Salmonella from 2 to 3 (Figure 5(a)). While at 46% RH, the temperature needs to
increase from 46 to 55 ℃ (9 ℃ raise) to increase log reduction of Salmonella from 4 to 5
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(Figure 5(a)). The same trend could be found for E. faecium. This indicates that higher
RH has a more considerable effect on EtO inactivation than the lower RH.
To achieve a certain log reduction of both bacteria, either a high RH and low temperature
or a low RH and high temperature is needed. For example, 3.59 log reductions of
Salmonella were achieved at RH=44% and 46 ℃ and the same log reductions were
achieved at RH=40% and 54.4 ℃ for 20 min of EtO treatment. The same trend could be
also found for E. faecium. Therefore, high inactivation would be expected at high
temperature and high RH for a typical EtO treatment. However, high temperature and
high RH might not give the best product quality (EtO residues) after EtO treatment.
Considering this point, The RH and temperature could be manipulated (either high RH
and low temperature or low RH and high temperature) to achieve the desired inactivation
and have a better EtO treated product quality for the same exposure time. While only the
effects of process conditions on EtO microbial inactivation were investigated in this
study, further study will focus on the determination of EtO residues and its derivatives.

6.5 Conclusion
Cumin seeds were inoculated with Salmonella and E. faecium and treated with 735 mg/L
gaseous ethylene oxide at different temperature (46, 53 and 60 ℃) and RH levels (30, 40,
and 50%). The Weibull model fit the survival data of both bacteria with a shape
parameter p<1, which indicated some bacteria were inactivated first and the remaining
cells might develop EtO resistance and adapt to the adverse environment at low RH
treatment conditions. In general, the log reductions of both bacteria in cumin seeds
increased with the increasing RH and temperature for EtO treatment. RH is a critical
factor for the successful EtO inactivation treatment. At lower RH (30 and 40%), no more
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bacteria were inactivated after 30 min exposure time. Therefore, RH must be higher than
40% to implement a successful and efficient EtO sterilization of cumin seeds. RH of 50%
reduced the exposure time to less than 20 minutes for achieving 5 log reductions of both
bacteria in cumin seeds and therefore is recommended. Enterococcus faecium
consistently showed lower log reductions than those of Salmonella for all EtO treatment
conditions investigated in this study. This demonstrated E. faecium to be a suitable
surrogate for Salmonella in cumin seeds for EtO treatment. The RSM was developed to
predict the log reductions of both bacteria under different EtO treatment conditions and
the contour plots representing log reductions of both bacteria were created. Inactivation is
positively correlated to temperature and RH. Therefore, a higher temperature is required
to achieve a desired log reduction at lower RH and vice versa. The response surface
model developed in this study is a valuable tool for the spice industry to identify the
possible combinations of EtO process parameters required to achieve a desired microbial
reduction of Salmonella for ensuring microbial food safety of spices.
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Figure 6.1. Inactivation of Salmonella and E. faecium in cumin seeds during EtO
treatment at 30%, 40% and 50% relative humidity (RH) and 46, 53, and 60 ℃.
Error bars indicate one standard deviation of 3 replications. Trend lines are
response surface model predictions.
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Figure 6.2. Inactivation of Salmonella in cumin seeds for EtO treatment at
46, 53, and 60 ℃ and 30, 40, and 50 % RH. Trend lines were response
surface model predictions. Error bars indicate one standard deviation of 3
replications.
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Figure 6.3. The microbial inactivation of Salmonella and E. faecium in cumin seeds
for EtO treatment at 46 ℃ and 30% RH was fitted with Weibull model (dotted
lines). Error bars indicate one standard deviation of 3 replications.
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seeds for EtO treatment under different temperatures and exposure time at 30, 40,
and 50% RH.
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(a) Salmonella
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Figure 6.5. Contour plots of log reductions of (a) Salmonella and (b) E. faecium
in cumin seeds for 20 min of EtO treatment at different temperature and RH.
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Table 6.1. Summary of δ and p values of Weibull model for Salmonella and E.
faecium inactivated by EtO treatment in cumin seeds at different temperature and
RH levels.
Weibull model
Relative
Temperature
Microorganism
humidity (RH),
δ,
(℃)
%
(min)

RMSE,

P

log
(CFU/g)

30
0.55
0.15
0.35
40
0.21
0.59
0.74
50
0.40
0.35
0.84
30
0.29
0.16
0.28
Salmonella
53
40
1.40
0.19
1.01
50
0.02
0.31
0.45
30
3.56
0.29
0.60
60
40
0.05
0.23
0.62
50
0.19
0.70
30
10.09
0.18
0.24
46
40
0.14
0.15
0.08
50
0.25
0.33
0.35
30
2.40
0.14
0.44
E. faecium
53
40
0.92
0.19
0.42
50
0.05
0.30
0.68
30
4.29
0.17
0.37
60
40
0.53
0.29
0.40
50
0.28
0.75
- RMSE could not be calculated due to only 1 data point at 60 ℃ and 50 % RH.
46

R2
0.92
0.91
0.88
0.96
0.75
0.99
0.89
0.95
1.00
0.92
0.99
0.97
0.80
0.93
0.97
0.91
0.96
1.00
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CHAPTER Ⅶ
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
The overall goal of this dissertation is to investigate RF and EtO as efficient intervention
technologies and preventive controls for Salmonella in cumin seeds and inshell hazelnuts
and to evaluate Enterococcus faecium as a suitable Salmonella surrogate in cumin seeds
and hazelnuts for RF and EtO treatments.
It only took less than 2 min of RF heating to achieve more than 5 log reductions of
Salmonella enterica without significant quality loss. E. faecium was evaluated to be a
good surrogate of Salmonella in cumin seeds for RF microbial inactivation. Batch
variation exists among different production lots of cumin seeds. When the water activity
of cumin seeds was controlled for cumin seeds, there was a huge variation in microbial
inactivation between batches 1 and 2. Batch 1 had higher moisture content than those of
batch 2 and 3 at the same water activity. Since moisture content is a major factor
influencing the dielectric properties, the different moisture contents of cumin seeds at the
same water activity would have different RF heating rates and cause variations in
microbial inactivation. Particle size and bulk density of cumin seeds were measured to
quantify the batch variation. Batch variation requires stricter process control parameters
for RF microbial inactivation. In addition to electrode gap in a certain RF system
(frequency and power), the moisture content and cold spot temperature are two critical
process control parameters to manage sample batch variation. The continuous RF
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pasteurization was also demonstrated to simulate the industrial application. There were
no significant quality losses in terms of color, total phenolics, antioxidant activity and
relative composition of volatile compounds after continuous RF pasteurization. When
analyzing volatile compounds in their absolute values, there was a significant difference
between the absolute values of volatiles of samples before and after treatment. However,
most volatile compounds (~76%) could be retained after continuous RF pasteurization of
cumin seeds. Comparing with our previous results of stationary RF heating, there were
more quality losses for continuous RF pasteurization due to much longer (20 s longer)
processing and holding time under high temperature. However, the overall quality
attributes were still acceptable after continuous RF pasteurization. RF holds a great
potential for the industrial pasteurization of cumin seeds.
The RF heating was inveatigated as an effcient drying method for inshell hazelnuts. The
internal kernels were heated faster than the outside shells when the inshell hazelnuts were
treated in RF system. The temperature of hazelnut kernels was always higher than that of
hazelnut shells in both hot air assisted RF (HARF) and RF followed by hot air (RFHA)
drying due to different chemical compositions, dielectric properties, and thermal
properties of hazelnut shells and kernels. RF heating could effectively remove kernel
moisture before shell was dried and structure was altered. Traditional hot air can heat the
outside shells faster than the internal kernels. By combining RF with HA by either
applying simulatneously or applying one after another, the drying efficiency can be
imporved by reducing the drying time by at least half. The quality attributes (lipid
oxidation and cracking ratio) of dried inshell hazelnuts by HARF and RFHA (17.5 cm
electrode gap and 60, 70 °C hot air) drying were significantly better than hot air followed
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by RF (HAFRF) and high-temperature HA (>=60 °C). This study provided a better
understanding of the heating characteristics of RF combined HA on inshell hazelnuts.
Generated informaiton will help develop an efficient integrated RF and HA drying
protocol for inshell hazelnuts.
RF heating was also investigated as an intervention technology for controlling
Salmonella in inshell hazelnuts. The thermal inactivation kinetics (D and z-values) of
Salmonella and E. faecium in fresh hazelnut shell and kernel were determined at their
original water activities. E. faecium was found to be a suitable surrogate of Salmonella in
hazelnut shell and kernel based on their thermal inactivation kinetics. The hazelnut shell
was inoculated with Salmonella for the RF microbial challenge study. This was based on
the thermal inactivation kinetics of Salmonella in hazelnut shell and kernel, and the
temperature profiles of shells and kernels subjected to RF heating. The F-value model
was used to predict Salmonella lethality for the microbial validation of RF pasteurization
process for inshell hazelnuts. A large variation was found between predicted and
experimental log reductions due to the drying of shell during RF heating process. The D
and z-values of Salmonella in hazelnut shell at final water activity conditions after RF
heating process could be determined and be used in F-value model to have a conservative
prediction. The initial water activity of the outer layer of hazelnut shell surface was
0.17±0.01, which was very dry. The dry shell surface of fresh inshell hazelnut was
another major reason for the deviation in prediction of log reductions besides the
moisture loss during RF heating process. The dry surface of fresh inshell hazelnuts
creates a challenge for RF pasteurization of inshell hazelnuts. GRAS surface disinfectants
and salt solution could be a pretreatment step for developing an efficient and
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simultaneous RF pasteurization and drying process for inshell hazelnuts. This integrated
disinfection involving chemical pretreatment, RF, and hot air treatment needs to be
investigated to optimize both quality and safety of hazelnuts.
The effect of process parameters (relative humidity, temperature, and exposure time) on
the EtO microbial inactivation of Salmonella and E. faecium was investigated. Cumin
seeds were inoculated with Salmonella or E. faecium and treated by 735 mg/L of gaseous
EtO at different temperature (46, 53 and 60 ℃) and RH levels (30, 40, 50 %). The
Weibull model fit the survival data of both bacteria with a shape parameter p<1, which
indicated partial bacteria were inactivated first and the remaining cells might develop EtO
resistance and adapt to the adverse environment at low RH treatment conditions. In
general, the log reductions of both bacteria in cumin seeds increased with the increasing
RH and temperature for EtO treatment. RH is a critical factor for the successful EtO
sterilization treatment. At lower RH (30 and 40%), no more bacteria were inactivated
after 30 min exposure time. Therefore, RH must be higher than 40% to implement a
successful and efficient EtO sterilization of cumin seeds. E. faecium was demonstrated to
be a suitable surrogate for Salmonella in cumin seeds for EtO treatment. A response
surface model was developed to predict the log reductions of both bacteria under
different EtO treatment conditions. Inactivation is positively correlated to temperature
and RH. Therefore, a higher temperature is required to achieve a desired log reduction at
lower RH and vice versa. The response surface model developed is a valuable tool for the
spice industry in identifying the possible combinations of EtO process parameters
required to achieve a desired microbial reduction of Salmonella for ensuring microbial
food safety of spices.
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7.2 Recommendations
For the RF pasteurization of cumin seeds, the cold spot of sample was heated up to
~100 ℃ without any holding time for achieving 5 log reductions of Salmonella. While
there was no significant loss in quality due to high-temperature short-time (HTST) RF
processing in this study, there was still a slight reduction in quality. Statistical analysis
was affected by huge sample variation that was evident in this study. Further research
could focus on low-temperature long-time (LTLT) processing of spices. Heating the
samples to a lower target temperature improves heating uniformity. The sample would
have to be moved to a hot air oven to maintain the temperature for holding time to
achieve desired lethality. To systematically conduct those studies, thermal inactivation
kinetics parameters (D and z values) for Salmonella enterica and E. faecium as a function
of temperature and water activity in cumin seeds must be determined. Quality of cumin
seeds treated using LTLT processing must be compared with the quality of samples
treated by HTST processing that was performed in this study.
For the RF pasteurization and drying of inshell hazelnuts, RF is a simultaneous drying
and pasteurization process for inshell hazelnuts. Since RF pasteurization is also a drying
process, the thermal resistance was found to increase during the process. A
comprehensive heat and mass transfer model combining thermal death kinetics of
Salmonella at different water activities could be developed to have an accurate prediction
of the water loss and inactivation of Salmonella during the simultaneous RF
pasteurization and drying process. The thermal inactivation kinetics of Salmonella at
different water activities in hazelnut kernel and shell need to be determined. Also, the
dielectric properties and thermal properties of hazelnut shells and kernels at different
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moisture contents need to be measured for the multiphysics model. The moisture sorption
isotherm of hazelnut shell and kernel needs to be determined for understanding the
relationship between moisture content and water activity. The intrinsic permeability of
water and the diffusion coefficient of water also need to be measured. All these
parameters and properties need to be determined and as inputs for developing this
comprehensive model. COMSOL Multiphysics could be used to couple the
electromagnetic heating and mass transfer. And the microbial inactivation kinetics could
be integrated in this heat and mass transfer model. This comprehensive model will
optimize RF heating as an efficient pasteurization and drying process for inshell
hazelnuts. The quality deterioration kinetics during the treatment might be incorporated
in this model for ensuring both food safety and quality. Once this model is developed, it
can definitely be extended to other food products for designing simultaneous RF drying
and pasteurization process. The outside shell surface of fresh inshell hazelnuts is very dry
with a water activity at 0.17. This dry shell surface creates a challenge for thermal
inactivation of pathogens in inshell hazelnuts and other nuts with similar shell structure.
Water, ethanol and other food graded antimicrobial agents could be sprayed and the
inshell hazelnuts could be washed before inshell hazelnuts pasteurization. Those agents
will decrease the microbial thermal resistance of target pathogen and have a synergistic
microbial inactivation effect with the following thermal treatment. Dielectric constant,
dielectric loss factor and RF heating rate of pistachio kernels increased with rising salt
content to a certain level and RF treatment time required to reduce Salmonella enterica
by 4 log CFU/g decreased (Jeong et al., 2019). The same method of adding salt solution
on hazelnut shell could be potentially used to increase the heating rate of shells or

208

preferentially heat shells during RF pasteurization. For future research, a combination of
surface disinfectants/salt solution and RF heating process needs to be investigated to
optimize drying, microbial safety, and quality of hazelnuts.
In this dissertation, the inoculated cumin sample was placed on the petri dish and treated
by EtO. Higher microbial inactivation was observed when the inoculated samples were
put in bottle or cardboard box. The higher microbial inactivation in bulk sample might be
due to the EtO residue and its derivatives (ethylene chlorohydrin and ethylene
bromohydrin). The EtO residue and its derivatives are toxic and considered carcinogenic
and mutagenic at an intake level of 0.31 (mg/kg/day)-1 (Fowles et al., 2001). Thus, it is
important to determine EtO residues in the EtO treated cumin seeds for ensuring
consumers’ health and understanding the microbial inactivation variation between petri
dish and bulk sample. The microbial inactivation variation might be also explained by the
EtO gas diffusion behavior in the bulk sample. An EtO gas diffusion model could be
developed for understanding its diffusion behavior and its relation to the microbial
inactivation variation. The diffusion coefficient needs to be determined for developing
this diffusion model. This gas diffusion model could also be combined the EtO
inactivation kinetics for designing bulk sample EtO treatment and predicting microbial
inactivation. In this dissertation, only the effect of RH during EtO treatment was
evaluated for EtO microbial inactivation efficacy. It was shown that the precondition of
Salmonella cells prior to EtO exposure influenced their EtO resistance (Michael and
Stumbo, 1970). Further study could evaluate the effects of precondition of Salmonella
cells on the EtO resistance.
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